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Abstract 
 
Infection by Listeria monocytogenes involves escape from its phagocytic 
compartment prior to fusion with the lysosome.  Previous studies show that small 
GTPase Rab5a plays a crucial role in Lm ability to escape from its compartment 
and that Lm is able to modulate Rab5a activity, promoting GDP exchange of 
Rab5a. Rab5a regulates the homo- and heterotypic fusion of membranous 
organelles during the early stages of endocytosis. The extent to which molecules 
that regulate Rab5a coordinate its cycling on membranes to affect the behavior 
of individual organelles has not been determined. This study used novel Förster 
Resonance Energy Transfer (FRET) microscopic methods to analyze the Rab5a 
cycle on macropinosomes and phagosomes, two large endocytic vesicles that 
form in ruffled regions of cell membranes. In Cos-7 cells and mouse 
macrophages stimulated with growth factors, Rab5a activation followed 
immediately after its recruitment to newly formed macropinosomes. Rab5a 
activity increased continuously and uniformly over macropinosome membranes 
then decreased continuously, with Rab5a deactivation preceding dissociation by 
1-12 min. Maximal levels of Rab5a activity was independent of organelle size, 
but Rab5a cycles were longer on larger macropinosomes, consistent with an 
integrative activity governing Rab5a dynamics on individual organelles. The 
Rab5a cycle was destabilized by microtubule depolymerization and by 
bafilomycin A1. Overexpression of activating and inhibitory proteins indicated that 
active Rab5a stabilized macropinosomes. Thus, overall Rab5a activity on 
macropinosomes is coordinated by macropinosome structure and physiology.  In 
macrophages Rab5a showed different levels of FRET on Lm-containing 
vacuoles.  Macropinosomes that formed secondary to the phagocytic events 
showed higher FRET levels than during RBC and Lm phagocytosis. During 
uptake of hly- and heat-killed Lm, Rab5a localized to the vacuole with low FRET 
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levels, which points to a possible role of LLO. During vesicle fusion events Rab5a 
FRET was higher at the point of contact of the vacuoles and increased over the 
whole organelle after fusion implying two distinct regulatory events.  Thus, as on 
macropinosomes Rab5a plays a role in phagocytosis but requires lower levels of 
activation.  Lm affects Rab5a activation cycling although currently we are not 
able to elucidate if Lm vacuoles with low FRET levels have higher survival rates. 
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Chapter I 
 
Introduction 
 
Endocytosis 
 
           Endocytosis is a process by which cells take up liquids, nutrients or 
particles from the extracellular medium. This process is commonly divided into 
three distinct categories: receptor-mediated endocytosis, pinocytosis and 
phagocytosis.  During endocytosis, the cell extends an actin-rich membrane 
protrusion or ruffle around its particulate cargo and closes by fusing at the distal 
edges (1).  Once internalized, the new compartment undergoes a maturation 
process which leads to acidification of the compartment by vacuolar-type H+-
ATPase, recruitment of compartment-specific membrane proteins and production 
of compartment-specific phosphoinositides. The internalized compartment fuses 
with early endosomes, which have a tubulo-vesicular shape, a pH of about 6.5 
and specific membrane GTPases such as Rab5 and Rab4. The phosphoinositide 
composition is also changed by Class III phosphatidylinositol-3 kinase (PI3K), 
which produces phosphatidylinositol 3-phosphate (PI3P) from 
phosphatidylinositol. At this stage some receptors are recycled back to the 
membrane via Rab4-positive vesicles. As the early endosome matures into a late 
endosome, its internal pH decreases to 5.5 and it acquires Rab7 and Rab9. Its 
membrane phosphoinositide composition also changes from PI3P to PI(3,5)P2. 
The final stage in the process is fusion of the late endosome with the lysosome. 
The pH is 4.5 – 5.0 and the cargo is degraded by hydrolases into simple 
compounds which are then used as nutrients or for antigen presentation. 
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Macropinocytosis 
 
Macropinocytosis is the mechanism by which cells internalize large 
volumes of extracellular medium into 0.2 to 10 µm diameter vesicles. Some cell 
types form macropinosomes spontaneously, while others require stimulation by 
growth factors.  For example, macrophages undergo macropinocytosis when 
stimulated with macrophage colony-stimulating factor (M-CSF) or with phorbol 
esters (2).  Macropinosome closure involves two events. First, a cell surface 
ruffle curves into a circular ruffle, forming a cup-shaped protrusion from the cell 
(ruffle closure). Second, the macropinocytic cup closes at its distal margin, 
forming an intracellular vacuole, the macropinosome (cup closure). Previous 
studies have identified roles for Class 1A PI3K and different small GTPases in 
macropinosome formation (3).  Rac-1, for example, regulates remodeling of the 
actin cytoskeleton during ruffling in response to epidermal growth factor (EGF) in 
epithelial cells (4).  M-CSF-induced macropinocytosis depends on Rac1 and the 
Rac1-binding protein WAVE2 (4). Rac1 and Cdc42 activate p21-activated 
kinase-1 (Pak1), which may facilitate fission of the membrane by phosphorylation 
of CtBP1/Bars during macropinocytosis (5).  Cdc42 and Arf6 also play important 
roles during macropinocytosis in macrophages, affecting actin cytoskeleton 
rearrangement during stimulation with M-CSF (6).  Another GTPase involved in 
signal transduction and macropinocytosis is Ras, which interacts with Rin1, a 
Rab5 GDP/GTP exchange factor (GEF) (7). Overexpression of Ras causes an 
increase in macropinocytosis (8).  As macropinosomes mature inside cells, they 
acquire endosomal markers such as Rab5, Rab7 and Lamp1 and either fuse with 
lysosomal compartments or recycle to the cell surface. 
 
Phagocytosis 
 
Phagocytosis is an important process by which cells internalize particles 
larger than 1 µm in diameter.  The cell which contacts a particle recognizes it in 
one of two ways. In non-opsonic phagocytosis, receptors bind to specific 
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common molecular motifs on the surface of particle, such as carbohydrates (9).  
These motifs or pathogen-associated molecular patterns are specific non-
variable sequence targets which the host species has encountered in its 
evolutionary past (9).  Pathogens have evolved ways to change these patterns to 
avoid detection by the host. Conversely, host cells use a combination of 
receptors during phagocytosis to improve their ability to recognize pathogens. In 
opsonic receptor-mediated phagocytosis, phagocytic receptors bind to antibodies 
or complement fragments which decorate (opsonize) the surface of the particle. 
Pathogens may encounter five different classes of opsonizing immunoglobulin 
antibodies: IgM, which is expressed on the surface of B cells or as a secreted 
molecule; IgA, which is found in mucosal areas of the body; IgD, which is 
involved in binding by naïve B cells; IgE, which is also commonly found in 
mucosal areas and which plays a role in allergen recognition and histamine 
release; and IgG, which is the major immunoglobulin involved in pathogen-
directed humoral immunity (10).   Antibodies differ in their heavy chains, which 
are referred to as μ, δ, γ, α and β. These differences in their heavy chains are 
recognized by specific receptors on the surface of immune cells.  Of the 
phagocytic receptors which recognize immunoglobulins, the Fcγ receptor (FcR) 
is the most studied (11). Of the three classes of FcR - FcγRI, FcγRII and FcγRIII 
- FcγRI has the highest binding affinity to IgG. Phagocytosis of IgG-opsonized 
particles via FcR occurs through interactions of cytosolic proteins with the 
immunoreceptor tyrosine-based activation motifs (ITAMs) in the cytoplasmic 
domain of the Fc receptor.  Phagocytosis can also be inhibited by receptors 
containing immunoreceptor tyrosine-based inhibitory motifs (ITIMs) in their 
cytoplasmic domains (12). 
 
Listeria monocytogenes 
 
           The human pathogen Listeria monocytogenes (Lm) is a facultative 
intracellular gram-positive bacterium. In epithelial cells, internalin molecules on 
Lm bind to host cell adhesion factors, such as E-cadherin, which interact with α- 
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and β-catenin to effect actin cytoskeleton rearrangement (13).  E-cadherin 
activates the Rho-family GTPases Rho, Rac1 and Cdc42, stabilizing Wiskott 
Aldrich syndrome protein (WASP), which binds the Arp2/3 complex serving as an 
actin nucleation point (14). These first steps lead to membrane extension around 
Lm and engulfment. Within 30 minutes after uptake, the vesicle membrane lyses, 
allowing Lm to escape into the host cell cytoplasm (Fig. 1.1).  This escape event 
involves three virulence factors: the hemolysin listeriolysin O (LLO), which forms 
pores on the membrane and phospholipases A and B, which break down 
membrane phospholipids and disrupt the vacuolar membrane. Lm replicates only 
in the cytoplasm. Once it has replicated, it expresses its virulence factor ActA, 
which binds the Arp2/3 complex of the cell and induces actin nucleation. Actin 
polymerization occurs on a specific area of the bacterium, propelling it through 
cytoplasm and into the host cell membrane. Actin-based Lm motility forms a 
protrusion at the cell surface which leads to internalization by a neighboring cell. 
In this second cell, the bacterium is enclosed in a double-membrane vacuole. 
This mode of direct cell-to-cell spread is known as paracytophagy (15). 
Host defense is composed of protective systems that guard against 
infection by pathogenic bacteria and viruses; these systems include physical 
anatomical barriers and the immune system. The immune responses can be 
divided into two types: innate and adaptive.  In an innate immune response, 
which is generally the first response, cells respond in a generic way to 
pathogens. This type of response is often unable to completely clear the 
infection. The second type of host defense is the adaptive or specific immune 
response. It comprises highly specialized cells and processes that eliminate 
pathogens or prevent their growth.  The latter response occurs after the innate 
immune response and confers a memory of specific pathogens by recognizing 
specific domains of pathogenic proteins and expanding populations of 
lymphocytes with specific receptors for pathogen-associated molecules. This 
helps the immune system to mount stronger attacks in subsequent infections by 
the pathogen. 
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Both macropinocytosis and phagocytosis are involved in the host’s 
immune responses.  During infections, phagocytosis is carried out by neutrophils, 
dendritic cells and macrophages. In response to signals released during an 
inflammatory response, these cells localize to the site of damage or infection, 
ingest the pathogen by phagocytosis and kill it using molecules such as reactive 
oxygen intermediates. Pathogen-derived protein degradation products are 
presented at phagocyte cell surfaces to initiate or stimulate adaptive immune 
responses.  These antigens are presented to T cells which then stimulate B cells 
to produce antibodies specific for the pathogen. The antibodies may contribute 
later to receptor-mediated phagocytosis. Macropinocytosis is used by dendritic 
cells to sample the extracellular environment for foreign proteins. These proteins 
are internalized and cleaved to generate peptides that are recycled to the cell 
surface as MHC class II-peptide complexes or delivered to the cytosol for 
subsequent presentation on MHC class I molecules. 
 
Rab5 
 
Rab5 is a member of the Rab family of small GTPases, which is a 
subgroup of the Ras GTPase superfamily. The GTPases of this superfamily cycle 
between inactive, GDP-bound forms and active, GTP-bound forms (Fig. 1.2). 
They are activated by GDP/GTP exchange factors (GEFs) and inactivated by 
GTPase-activating proteins (GAPs). In their GTP-bound form, they interact with 
various effector proteins. The differential affinity of the GTP-bound and GDP-
bound GTPases for their effector proteins permitted the development of 
biochemical and FRET-based methods for measuring and localizing GTPase 
activation in cells.  
Rabs regulate docking and fusion in the endocytic and secretory pathway. 
Three isoforms of Rab5: a, b and c, overlap in their intracellular distributions. 
Rab5 has been found to be the rate-limiting molecule for endocytosis (16) and is 
involved in the translocation and activation of Rac2, leading to the oxidative burst 
(17). In its GTP-bound form, Rab5a facilitates both the fusion of endocytic 
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vesicles with early endosomes and the homotypic fusion of early endosomes 
(Fig. 1.3). Previous work in our laboratory, using fluorescent chimeras of Rab5a 
and ratiometric fluorescence microscopy, showed that the maturation pathway in 
macrophages presents proteins on phagosomes, including actin, Rab5a, Rab7 
and LAMP1 (18). Other groups showed that the inhibition of Rab5a by pathogens 
could alter the progression of phagosomes to lysosomes and also that mutations 
of the Rab5 gene or its activating or inhibitory proteins result in human diseases 
such as Alzheimer’s and Huntington’s, indicating its importance in infectious and 
neurological diseases (19-24).  
Rabaptin-5 is a Rab5 effector that has been shown to interact with active 
Rab5 via Rabaptin-5’s C-terminal domain (aa 551-862) (25, 26).  Previous work 
has also shown that it is recruited to early endosomes. It is involved in 
stabilization of active Rab5 and is required for fusion between endosomes. Early 
Endosome Antigen-1 (EEA1) is another Rab5 effector which interacts with active 
Rab5 via both its N- and C-terminals and is required for endosome fusion (27).  It 
contains a FYVE domain on its C-terminal that interacts specifically with PI3P. 
Some pathogens have evolved mechanisms to interfere with crucial steps 
of phagocytosis. Some delay phagosome fusion with the lysosome, others 
escape from the phagosome into the cytoplasm (17). Some pathogens exploit 
Rab5 function to enhance intracellular survival. Salmonella enterica var. 
Typhimurium, for example, utilizes one of its virulence factors, SopE, which 
recruits Rab5 and, as a Rab5 exchange factor, keeps Rab5 in its active form, 
thereby promoting fusion with endosomes and delaying fusion with the lysosome 
(17). Phagosomes containing Legionella pneumophila lack Rab5, which may 
explain their limited interaction with other endocytic compartments (20). On the 
other hand, phagosomes containing Mycobacterium tuberculosis have 
persistently active Rab5, which may explain the delay in fusion of the phagosome 
with the lysosome (20). 
Rab5 may also contribute to Lm survival inside macrophages.  Active 
Rab5 expression correlates with Lm phagosome maturation (18). Modulation of 
the GDP to GTP exchange step of Rab5a is a possible mechanism used by the 
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bacterium to avoid degradation (28). Rab5 localization to the Lm-containing 
vacuole could be cell type-specific. Henry, et al., (29) showed that in the RAW 
264.7 macrophage cell line, Rab5 did not localize to the Lm-containing vacuole; 
whereas Alvarez-Dominguez, et al., (30) saw localization of Rab5 to the Lm-
containing vacuole in J774E and CHO cells. 
 
  
Ratiometric Microscopy 
The main goal of this work was to build a FRET system that would allow 
us to study the Mass Rab5 Cycle in vivo and the effect that different activating 
and inhibitory proteins of Rab5 have on the net organelle cycle and on 
macropinosome dynamics (Fig. 1.4).  With this novel system, we could observe 
the aggregate behavior of Rab5 on the entire organelle and measure the four 
major steps of Rab5: 1) association, 2) activation, 3) deactivation and 4) 
dissociation from the membrane (Fig 1.2) (31). 
Cos-7 cells were co-transfected with plasmids encoding YFP-RBD, CFP-
Rab5a and pIRES2-mCherry. mCherry served as a cytosolic volume marker 
which corrected for optical pathlength due to cell shape (Fig. 1.5). A total of five 
images were acquired: Phase-contrast, IA, which contains the FRET-independent 
fluorescence from the acceptor, ID, which contains the fluorescence from the 
donor, IF, which contains a mixture of donor, acceptor and FRET signals and IR, 
which contains the fluorescence from mCherry.  To acquire these images we 
used a Nikon TE300 widefield inverted fluorescence microscope and the 
program MetaMorph version 7.7r1 (Molecular Devices, Sunnyvale, CA).  
Ratiometric measurements were calculated for each cell using MATLAB 
R2009a (The Mathworks, Natick, MA), the DIPImage toolbox for MATLAB 
(http://www.diplib.org, Quantitative Imaging Group, Delft University of 
Technology, Netherlands) and FRET Calculator (available from the Center for 
Live Cell Imaging at the University of Michigan) and images were corrected for 
exposure times and shade and bias corrections during processing (Abbreviation 
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definitions on page 10).  Ratiometric images of CFP-chimeras were calculated 
from two images, the CFP-Rab5 image ID, and mCherry image IR (32).  The ratio 
of CFP-chimera to mCherry was calculated by dividing each pixel of the CFP-
Rab5 image by the corresponding pixel in the mCherry image, this reported the 
localization of Rab5 normalized to cell volume in a monochromatic image. A 
pseudocolor scale was added to the ratio image where low ratio values are 
represented by cool color and high ratio values by warm colors (Fig 1.6).  The 
results obtained with ratiometric microscopy allow us to observe Rab5 dynamics 
but not differentiate between active and inactive Rab5.  To differentiate we used 
FRET. 
 
FRET stoichiometry 
 
Förster resonance energy transfer occurs when two fluorescent protein 
chimeras, one containing a donor fluorophore and the other containing an 
acceptor fluorophore, come into contact with each other (33).  The average 
distance between fluorophores necessary for resonance energy transfer is 6-10 
nm.  When a donor fluorophore is excited at its excitation optimum it emits light at 
a lower wavelength that results in a donor image. The same principle occurs 
when an acceptor flourophore is excited. When these two fluorophores come 
close to each other, however, one can excite the donor and obtain an image of 
FRET at the acceptor’s wavelength. This is because the donor’s emission 
maximum is at the same wavelength for acceptor excitation (by design).  Some 
of the resonance energy emitted by the donor is absorbed by the acceptor 
fluorophore, exciting it and causing the emission of acceptor fluorescence at its 
emission wavelength (Fig 1.7).  The image obtained by exciting at the donor’s 
wavelength and reading at the acceptor’s emission wavelength is the FRET 
image, which contains a mixture of fluorescence from directly excited donor, 
directly excited acceptor and acceptor excited by FRET.   
FRET stoichiometry was used to measure the proportions of donor, 
acceptor and donor-acceptor complex in each pixel.  FRET calibration 
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parameters were determined using Cos-7 cells expressing YFP only (α), CFP 
only (β) or a linked YFP-CFP molecule of known FRET efficiency (γ and ξ).  
These calibrations take into account the crossover of the emission wavelengths 
of each fluorophore and energy transfer effect on the FRET pairs, allowing us 
mathematically to subtract these signals and to obtain quantifiable FRET 
measurements. The FRET Calculator was used to obtain the total concentrations 
of acceptor (A) and donor (D = ID + EDA*ξ), the FRET efficiency times the 
concentration of donor-acceptor complex (EDA = IF - α*IA - β*ID), the fraction of 
the acceptor in complex times the FRET efficiency (EA), the fraction of the donor 
in complex times the FRET efficiency (ED), the average FRET efficiency (EAVG = 
(EA+ED)/2), the ratio of acceptors to cytoplasmic marker (RYR), the ratio of 
donors to cytoplasmic marker (RCR) and molar ratio of acceptors to donors (RM).  
When studying and comparing the total Rab5 and the active Rab5 signals 
we used the D and EDA images, both images are qualitative intensity images.  
For quantitative measurements of Rab5 FRET, we used the EAVG image instead 
of the EA or ED images because EAVG is independent of the differences in 
concentration levels due to transient transfections, a more accurate FRET value 
(33-35). The EO image was created by thresholding the EAVG image with binary 
masks made from D images. The masks were thresholded to identify only the 
CFP-Rab5a-positive organelles. Two new scales were then applied to the 
masked EAVG images: a pseudocolor scale assigning different colors at 5% EAVG 
steps (0 to 40% EAVG), or another thresholded with two different binaries from D 
images. For example, in some images the threshold was set to red for EAVG 
values from 0–8% and green from 8–40%. The new scaled images were then 
overlayed onto the phase-contrast images (Fig. 1.8). The maximum FRET level 
is 40%; this was calculated using a linked construct of the donor and acceptor at 
a known FRET efficiency. EAVGMax is the highest level of Rab5 FRET reached 
by the organelle and was used to compare the different uptake events and cycle 
modulation.  The TO images were created by averaging the EDA images and 
subtracting the average noise from the original EDA images, the new EDA 
images were eroded and dilated in Metamorph to improve visualization of the 
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active Rab5a-positive tubules. The images were then overlaid as green on 
phase-contrast images. 
 
pIRES System 
 
To study how different Rab5 GEFs and GAPs affect its Mass cycle and to 
facilitate ratiometric and FRET studies in the same cell, we constructed a library 
of pIRES2-mCherry vectors that express different proteins known to be involved 
in endocytosis (Fig 1.9). The pIRES2 vector contains an internal ribosomal entry 
site (IRES) between its multiple cloning site and the fluorophore site which allows 
the translation of both in a single bicistronic mRNA (Fig 1.10). The mCherry 
allowed for detection of cells transfected with non-fluorescent proteins and Rab5-
modifying proteins (GAPs and GEFs).   
 
Thesis Overview 
The previous background leads to the focus of my thesis and the main 
questions I try to answer.  Rab5 is a crucial protein for vacuole trafficking that has 
been targeted through evolution by pathogenic microorganisms. How is the 
chemistry of Rab5 organized on individual organelles? How does Lm modify that 
chemistry for pathogenesis? To address these questions, I have organized my 
thesis into two parts: the characterization of the Rab5 activity cycle on individual 
vacuoles and the analysis of Rab5 activity on macropinosomes, phagosomes 
and Lm-containing vacuoles. To do this, I developed new tools and methods to 
study the Rab5 cycle in vivo. This involved characterization of two Rab5 FRET 
partners: the amino terminal Rab5-binding domain of EEA1 and the Rab5-
binding domain from the Rab5 effector Rabaptin-5 (25, 27).  A second tool 
combined FRET and ratiometric microscopy, allowing me to obtain large 
amounts of information about GTPase cycling on individual organelles. A third 
tool was the pIRES2-mCherry library containing Rab5 GAPs and GEFs or 
functional mutants of Cdc42, Rac1, Rac2, Arf1 and Arf6. These allowed me to 
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study the effects of interfering with these proteins on Rab5 dynamics. Lastly, I 
developed methods to observe the uptake of Lm, which allowed me to study 
through live cell imaging the organization of the Rab5 cycle and the effect of Lm 
on Rab5 activity on the Lm vacuole. I used these tools to analyze the Rab5 cycle 
in macropinocytosis, phagocytosis and infection of macrophages by Lm. Through 
study of the role of Rab5 on the Lm-containing vacuole and the complexity of its 
effects on the endocytic pathway, it is hoped that these tools will lead to better 
understanding of pathogen biology and to the eventual identification of 
pharmaceutical targets of infection. 
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Figure 1.1. Listeria monocytogenes Life Cycle.  Murine bone marrow-derived 
macrophage infected with Lm were fixed and immunostained for actin using 
Texas red-phalloidin (red) and for DNA using DAPI (blue).  Escaped Listeria 
show actin-polymer surrounding the bacteria; motile bacteria show actin-rich 
rocket tails (Left).  Diagram depicting the life cycle of Listeria infection, indicating 
receptor-binding virulence factors that induce uptake of Lm by epithelial cells and 
role of pore-forming protein, listeriolysin O (LLO), during permeabilization of the 
vacuolar membrane and subsequent escape by the bacteria into the cytoplasm 
(36).  
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Figure 1.1 
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Figure 1.2. Rab5 Activation Cycle Diagram. Schematic of GTPase activation and 
deactivation. Active GTPase, ie., in its GTP-bound form, is able to recruit the 
necessary effectors. The GTPase is the deactivated by a GAP, through 
hydrolysis of GTP to GDP, and reactivated by a GEF (37). 
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Figure 1.2 
 
 
  
16 
 
Figure 1.3. The Rab5 Membrane Activity Cycle.  Diagram describes Rab’s role 
during vesicle budding from a donor compartment and fusion of the new vesicle 
with the acceptor compartment (38). 
  
17 
 
Figure 1.3 
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Figure 1.4. The net Rab5 cycle.  The Rab5 FRET system measures the mass or 
aggregate behavior Rab5 on the membrane of macropinosomes which is 
composed of multiple Rab5 molecules undergoing activation and deactivation 
(Bottom). This system is not able currently to visualize single Rab5 molecule 
cycling (Top). 
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Figure 1.4 
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Figure 1.5. Three-color Transfection Diagram.  Cells transfected with three 
different color constructs: 1) YFP-RBD 2) CFP-Rab5 and 3) mCherry-C1, 
pIRES2-mCherry or pIRES2-mCherry expressing a non-fluorescent protein.  
mCherry served as volume marker and was used to calculate the ratio of CFP-
Rab5. 
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Figure 1.5 
 
  
22 
 
Figure 1.6. Ratiometric Microscopy Processing. Ratio of CFP-chimera to 
mCherry was calculated by dividing each pixel of the CFP-Rab5 image by the 
corresponding pixel in the mCherry image. The result was a monochromatic ratio 
image to which a pseudocolor scale was added (low ratio values are represented 
by cool colors and high ratio values by warm colors). 
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Figure 1.6 
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Figure 1.7. Förster Resonance Energy Transfer. FRET diagram shows two 
chimeras, one contains a donor fluorophore (CFP-Rab5) and another contains an 
acceptor fluorophore (YFP-RBD).  When the proteins interact the fluorophores 
come close to each other (approximately 6 nm), the resonance energy of the 
excited donor fluorophore is transfered to the acceptor, exciting the acceptor and 
causing it to fluoresce. 
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Figure 1.7 
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Figure 1.8.  FRET Stoichiometry Image Processing. The donor (ID), acceptor (IA) 
and FRET (IF) images were processed using The FRET Calculator. The resulting 
images were D (total fluorescence of the donor), EDA (total concentration of 
donor-acceptor in complex times the FRET efficiency) and EAVG (the average of 
the fraction of acceptor in complex (EA) plus the fraction of donor in complex 
(ED)). The D image was used to create a mask that only included the Rab5-
positive organelles. Two new scales were applied to the EAVG image, followed by 
application of the mask.  The two new masked EAVG images were then overlaid 
onto the phase-contrast image creating a new EAVG-overlay image (EO).  
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Figure1.8 
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Figure 1.9.  pIRES2 System. A library was constructed composed of pIRES2-
mCherry vector expressing wild-type, constitutively active and dominant negative 
versions of Arf6, Cdc42, Rac1 and Rac2, Rab5 GEFs Rin1 and Rabex-5 or Rab5 
GAP RabGAP-5.  The internal ribosome entry site allows the formation of a 
bicistronic mRNA which expresses two separate proteins, in this case mCherry 
and a non-fluorescent version of the previously mentioned proteins.  This system 
allows us to use mCherry as a volume marker and as a transfection marker 
without affecting our ability to do ratiometric and FRET microscopy on single cells 
and the non-fluorescent protein to modulate or affect the Rab5 cycle. 
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Figure 1.9 
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Chapter II 
 
Coordination of the Rab5 Cycle on Macropinosomes 
 
Abstract 
 
The GTPase Rab5a regulates the homotypic and heterotypic fusion of 
membranous organelles during the early stages of endocytosis. Many of the 
molecules which regulate the Rab5a cycle of association with membranes, 
activation, deactivation and dissociation are known. However, the extent to which 
these molecular scale activities are coordinated on membranes to affect the 
behavior of individual organelles has not been determined. This study used novel 
Förster Resonance Energy Transfer (FRET) microscopic methods to analyze the 
Rab5a cycle on macropinosomes, which are large endocytic vesicles that form in 
ruffled regions of cell membranes. In Cos-7 cells and mouse macrophages 
stimulated with growth factors, Rab5a activation followed immediately after its 
recruitment to newly formed macropinosomes. Rab5a activity increased 
continuously and uniformly over macropinosome membranes then decreased 
continuously, with Rab5a deactivation preceding dissociation by 1-12 min. 
Although the maximal levels of Rab5a activity were independent of organelle 
size, Rab5a cycles were longer on larger macropinosomes, consistent with an 
integrative activity governing Rab5a dynamics on individual organelles. The 
Rab5a cycle was destabilized by microtubule depolymerization and by 
bafilomycin A1. Overexpression of activating and inhibitory proteins indicated that 
active Rab5a stabilized macropinosomes. Thus, overall Rab5a activity on 
macropinosomes is coordinated by macropinosome structure and physiology. 
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Introduction 
 
Rab5 regulates the fusion, trafficking and recycling of early endosomes (1, 
2). The Rab5 isoforms Rab5a, b and c are regulated by activating guanine 
nucleotide exchange factors (GEFs), inhibitory GTPase-activating proteins 
(GAPs) and proteins which facilitate Rab5 delivery to and removal from 
membranes (3). Rab5 functions in a multi-step cycle in which it associates with 
endosomal membranes in an inactive form, is activated by a GEF, and binds to 
effector proteins such as Rabaptin-5 (4), EEA1 (5), Rabankyrin-5 (6), 
Rabenosyn-5 (7) or the type III PI 3-kinase Vps34 (8). Rab5 is deactivated at the 
membrane by a GAP and then dissociates from the membrane as other Rab 
proteins increase their association. Membrane association is regulated by GDP-
dissociation inhibitors (GDI) (9) and GDI-displacement factors (GDF) (10). 
Despite consensus about the Rab5 cycle of membrane association and 
activation, the mechanisms which coordinate Rab5 dynamics on endocytic 
membranes remain largely unexplained. Rab5 GEFs and GAPs are regulated by 
proteins which are themselves regulated by other enzymes or by 
phosphatidylinositol 3-phosphate (PI3P) on vesicle membranes. Rab5 activation 
may involve positive feedback amplification through the Rab5 GEF Rabex-5 and 
the Rab5 effector Vps34, which synthesizes PI3P (11). Rab5 deactivation could 
result from GAP activities of other signaling proteins on endocytic vesicles; for 
example, p85α, the regulatory subunit of PI 3-kinase IA, is a Rab5 GAP (12). 
Rab5 deactivation occurs coordinately with the arrival of the late endosomal 
protein Rab7, through Rab7-dependent interference with Rabex-5 function (1, 
13). However, it remains unknown how much individual Rab5 molecular cycles 
are coordinated with each other on any individual organelle and the extent to 
which organelle physiology or structure modulate Rab5 activity cycles.   
Macropinosomes are large endocytic organelles which form in response to 
various stimuli. Some cells exhibit macropinocytosis spontaneously, while in 
other cells macropinocytosis is initiated by growth factors or membrane-
permeabilizing peptides (14). Rab5 regulates macropinosome formation and 
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maturation (6, 15). As macropinosomes mature, they either recycle to the cell 
surface or lose Rab5 and acquire Rab7 before fusing with lysosomes (16, 17). 
The relationship between Rab5 activity and macropinosome dynamics is not 
known.  
To analyze the regulation of the Rab5a cycle on macropinosomes, we 
developed a FRET microscopy system to visualize and quantify Rab5a cycle 
dynamics. Using fluorescent protein chimeras of Rab5a (CFP-Rab5a), the Rab5-
binding domain from the amino terminus of EEA1 (YFP-RBD) and IRES vectors 
expressing monomeric Cherry (mCherry) and regulatory proteins, we measured 
the Rab5a cycle on individual macropinosomes. In Cos-7 cells stimulated with 
epidermal growth factor (EGF) and in murine bone marrow-derived macrophages 
(BMM) stimulated with macrophage colony-stimulating factor (M-CSF), 
quantitative fluorescence microscopy indicated that Rab5a association, 
activation, deactivation and dissociation occurred coordinately on individual 
macropinosomes. This coordination was disrupted by the microtubule 
depolymerizing drug nocodazole and by the proton ATPase inhibitor bafilomycin 
A1. Modulation of Rab5a cycling by coexpression of Rabex-5, Rin1, the GTPase-
defective mutant CFP-Rab5a(S34N) or the GAP RabGAP-5 (18) indicated that 
active Rab5a stabilizes macropinosomes. 
 
Materials and Methods  
 
Tissue culture, Treatment and Transfection 
 
The kidney fibroblast-like cell line Cos-7 (American Type Culture 
Collection) was maintained at 37°C with 5% CO2.  Cells were cultured in 
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (HIFBS), 100 U/ml penicillin, 100 µg/mL and 4 mM 
L-glutamine (Invitrogen).  Bone marrow-derived macrophages (BMM) were 
prepared from femurs of C57/BL6 mice and cultured 6 days, as described 
previously (19). For microscopy, Cos-7 cells were plated one day prior to imaging 
onto 25 mm, No. 1.5 circular coverslips (Fisher Scientific) at 2.0 x 105 cells per 
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coverslip.  Cells were incubated for 4 hours to allow attachment to the coverslips, 
transfected with plasmids using Roche FuGENE HD, following the 
manufacturer's protocol (Roche Diagnostics) and serum-starved overnight prior 
to imaging.  BMM were transfected using Mouse Macrophage Nucleofector kit 
(Lonza) according to the manufacturer's protocol, plated on coverslips and 
incubated in RPMI-1640 with 20% HIFBS, 4 mM L-glutamine, 20 U/ml penicillin 
and 20 μg/ml streptomycin for 3 hours. Cells were incubated for 20 hours in 
DMEM without added M-CSF. 
 For imaging, coverslips with cells were placed in a Leiden chamber 
(Harvard Apparatus) with Ringer's buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 
1 mM MgCl2, 2 mM NaH2PO4, 10 mM glucose, 10 mM HEPES at pH 7.2) at 
37°C. Macropinocytosis was stimulated by addition of 100 ng/mL epidermal 
growth factor (EGF; R&D Systems) to Cos-7 cells, or 200 µg/mL macrophage 
colony-stimulating factor (M-CSF) to BMM.  Bafilomycin A1 (0.5 µM, Sigma-
Aldrich) and nocodazole (5 µM, Sigma-Aldrich) were added to Cos-7 cells 30 
minutes prior to image acquisition. 
 
Plasmids 
 
Monomeric versions of the cyan fluorescent protein (CFP), citrine (YFP) 
and Cherry (mCherry) were used for all chimeric constructs (20).  Rab5a, 
Rab5a(Q79L), Rab5a(S34N), Arf6(T27N), Cdc42(N17), Rac1(N17), RabGAP-5, 
Rin1 and Rabex-5 were cloned in YFP, CFP or mCherry vectors. RabGAP-5 
plasmid was provided by F.A. Barr (Max-Planck Institute of Biochemistry, 
Martinsried, Germany). Constructs for Rin1 and Rabex-5 were provided by A.R. 
Saltiel (University of Michigan, Ann Arbor, Michigan).  Polymerase chain reaction 
was used to amplify the Rab5-binding domain (RBD) from the amino terminus of 
EEA1 (residues 36-218 aa) which was subcloned into mCit-C1 and mCFP-C1 
vectors (21-23).  The Clontech pIRES2-EGFP vector was modified by replacing 
EGFP with mCherry.  Rab5a, Arf6(T27N), Cdc42(N17), Rac1(N17), RabGAP-5, 
Rin1 and Rabex-5 were cloned into the pIRES2-mCherry using In-Fusion 
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Advantage PCR Cloning Kit (Clontech Laboratories Inc.). All constructs 
originated from human cDNA and all sequences of constructs were confirmed by 
DNA sequencing at the University of Michigan DNA Sequencing Core. 
 
Ratiometric and Förster resonance energy transfer (FRET) microscopy 
 
 Cells were co-transfected with plasmids encoding YFP-RBD, CFP-Rab5a, 
mCherry or pIRES2-mCherry. The pIRES2 vector contains an internal ribosomal 
entry site (IRES) between its multiple cloning site and the fluorophore site which 
allows the translation of both in a single bicistronic mRNA. mCherry served as a 
cytosolic volume marker which corrected for optical pathlength due to cell shape. 
mCherry also allowed identification of cells expressing non-fluorescent Rab5-
modifying proteins (GAPs and GEFs).  Five images were acquired: Phase-
contrast, IA, which contains the FRET-independent fluorescence from the 
acceptor, ID, which contains the fluorescence from the donor, IF, which contains 
a mixture of donor, acceptor, and FRET fluorescence and IR, which contains the 
fluorescence from mCherry.  These images were acquired on a Nikon TE300 
widefield inverted fluorescence microscope with a 60× 1.4 NA Planapo objective, 
excitation and emission filters in filter wheels, a temperature-controlled stage, 
shutters for both phase-contrast and epifluorescence and a cooled digital charge-
coupled camera (Quantix; Photometrics, Tucson, AZ).  The source of 
epifluorescent light was a mercury arc lamp (OSRAM GmbH, Augusburg, 
Germany). Images were corrected for exposure times and shade and bias 
corrections were applied before processing. All images were acquired using 
MetaMorph version 7.7r1 (Molecular Devices, Sunnyvale, CA).  
FRET and ratiometric measurements were calculated for each cell using 
MATLAB R2009a (The Mathworks, Natick, MA), the DIPImage toolbox for 
MATLAB (http://www.diplib.org, Quantitative Imaging Group, Delft University of 
Technology, Netherlands) and FRET Calculator (available from the Center for 
Live Cell Imaging at the University of Michigan). Ratiometric images of YFP- and 
CFP-chimeras were calculated from three images, the YFP image IA, the CFP 
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image ID, and mCherry image IR.  The ratio of YFP- or CFP-chimera to mCherry 
reported the localization of each chimera normalized to cell volume. FRET 
stoichiometry (24) was used to measure the proportions of donor, acceptor and 
donor-acceptor complex in each pixel.  FRET calibration parameters were 
determined using Cos-7 cells expressing YFP only (α), CFP only (β) or a linked 
YFP-CFP molecule of known FRET efficiency (γ and ξ).  FRET Calculator was 
used to obtain the total concentrations of acceptor (A) and donor (D = ID + 
EDA*ξ), the FRET efficiency times the concentration of donor-acceptor complex 
(EDA = IF - α*IA - β*ID), the fraction of the acceptor in complex times the FRET 
efficiency (EA), the fraction of the donor in complex times the FRET efficiency 
(ED), the average FRET efficiency (EAVG = (EA+ED)/2), the ratio of acceptors to 
cytoplasmic marker (RYR), the ratio of donors to cytoplasmic marker (RCR) and 
molar ratio of acceptors to donors (RM).  The EO image was created by 
thresholding the EAVG image with different binary masks made from D images. 
The masks were thresholded to identify only the CFP-Rab5a-positive organelles 
and a pseudocolor scale was applied to the masked EAVG images, assigning 
different colors at 5% EAVG steps (0 to 40% EAVG), the new scaled images were 
overlayed onto the phase-contrast images (EO in Figs. 1, 3, 4C and 6). In 
Figures 4A, B and 5 the EAVG images were thresholded with two different binaries 
from D images; the threshold was set to red for values from 0–8% and green 
from 8–40%.  In figure 4C, the TO images were created by averaging the EDA 
images and subtracting the average noise from the original EDA images, the new 
EDA images were eroded and dilated in Metamorph to improve the visualization 
of the active Rab5a-positive tubules. The images were then overlaid as green on 
phase-contrast images. 
  
Particle Tracking 
 
 The centroid-tracking algorithm TRACKOBJ of Metamorph was used to 
measure signals associated with macropinosomes, as previously described (24).  
Using the phase-contrast image, the center of the macropinosome was identified; 
40 
 
a region encompassing the macropinosome was drawn in the phase-contrast, 
EA, ED, EDA, EAVG, A, D and Ratio images.   To compare multiple image series, 
the macropinosome data traces were aligned by designating the first phase-
contrast image containing a fully rounded macropinosome as the 1-min time 
point. 
 
Data Analysis 
 
To quantify the Rab5a activation cycle, the particle tracking plots for D 
(total Rab5a signal) and EDA (total FRET signal) images were selected and all 
values were normalized to the maximum and minimum values. D and EDA 
signals for each macropinosome were analyzed for the interval between half-
maximal values ascending and descending (i.e., the width of the association or 
activation profiles). D and EDA signals were also analyzed to determine the 
intervals between D and EDA at half-maximal ascending and half-maximal 
descending parts of the curve (Fig. 2.2C). The mean EAVGMax for each 
modulator was used to compare the effect on Rab5a FRET during 
macropinocytosis. To measure EAVGMax and diameter on the unstable 
macropinosomes in RabGAP-5-expressing cells, the diameter of the circular 
ruffle was measured prior to collapse and fusion with the membrane. 
   
Statistical analysis 
 
A paired two-tailed Student's t-test (Two-Sample Assuming Equal 
Variances) was used to compare the effect on the EAVGMax average of the 
macropinosomes formed in control cells, cells expressing pIRES2-mCherry-
RabGAP-5, pIRES2-mCherry-Rin1 and cells expressing pIRES2-mCherry-
Rabex-5. 
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Results 
 
The Rab5a Cycle on Macropinosomes.  
 
To analyze the Rab5a activation cycle on individual organelles, a widefield 
fluorescence microscopy system was designed for ratiometric and FRET 
microscopic analysis. Fluorescent chimeras of Rab5a and the amino terminal 
Rab5a-binding domain of EEA1 (RBD), which binds to GTP-Rab5a (21, 22), 
were developed and characterized. To study the activation cycle of Rab5a on 
macropinosomes, Cos-7 cells and murine BMM were transfected with plasmids 
encoding CFP-Rab5a, YFP-RBD and a pIRES2-mCherry vector. The mCherry 
reported cytoplasmic volume distribution and marked the cells expressing non-
fluorescent proteins from pIRES2 transcripts. Macropinocytosis was stimulated 
by addition of EGF to serum-starved Cos-7 cells expressing fluorescent chimeras 
(25). The formation and intracellular movements of macropinosomes were 
observed by widefield phase-contrast and fluorescence microscopy (Fig. 2.1 A-
D). FRET stoichiometry (24) was used to measure the essential parameters of 
Rab5a dynamics on macropinosomes. Informative parameters included D - the 
total fluorescence of CFP-Rab5a corrected for fluorescence loss due to FRET, 
EDA - the total fluorescence attributable to FRET and EAVG - the average of the 
apparent donor and acceptor FRET efficiencies (Fig. 2.1E, F). By correcting for 
variations in the average ratios of CFP-Rab5a and YFP-RBD, EAVG measures the 
level of Rab5a activation, with EAVG of 0.40 approximating full activation. EAVG 
images were thresholded using binary masks made from the D images (to 
identify CFP-Rab5a-positive organelles), then a pseudocolor scale was applied 
to the masked EAVG images, assigning different colors at 5% EAVG steps (0 to 
40% EAVG). Overlaying the masked, pseudocolored EAVG images onto the phase-
contrast images afforded study of the movements and activation patterns of CFP-
Rab5a on individual macropinosomes (EO panels Fig. 2.1E). Cos-7 cells formed 
macropinosomes of various sizes, sometimes as large as 12 µm diameter (Fig. 
2.1A-E). The levels of Rab5a activation varied between macropinosomes in a 
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single cell, but the FRET signal on each individual macropinosome was relatively 
uniform over the entire organelle, indicating signal integration at the organelle 
level. After reaching maximal EDA values, the FRET signals declined before the 
CFP-Rab5a dissociated from the macropinosome. Similar patterns of Rab5a 
dynamics were observed on macropinosomes in BMM stimulated with M-CSF 
(Fig. 2.1F).   
The Rab5a overall activation cycle on macropinosomes was quantified 
and analyzed using algorithms developed in MetaMorph. CFP-Rab5a recruitment 
to macropinosomes increased gradually, reaching higher total levels on larger 
organelles (D, Fig. 2.2A). Similar patterns were observed for total levels of FRET 
(EDA, Fig. 2.2B). The cycle of Rab5a on each macropinosome was studied by 
normalizing curves to the maximal levels attained for D and EDA (Fig. 2.2C). The 
ascending curves for Rab5a association (D; CFP-Rab5a recruitment) and 
activation (EDA; YFP-RBD/CFP-Rab5a FRET) were nearly coincident, indicating 
that CFP-Rab5a was activated immediately as it associated with the 
macropinosome membrane. However, the EDA curve decreased sooner than the 
D curve, indicating that Rab5a was deactivated several minutes before it 
dissociated from the macropinosome.  
Because macropinosomes form asynchronously after addition of growth 
factor (26), we could not use biochemical methods to measure rates of Rab5 
activation on macropinosomes. Net Rab5 activation could be estimated by the 
rate of FRET increase on individual macropinosomes. The maximal rate of EAVG 
increase was 0.033 per minute (± 0.003). However, this is not easily translated 
into a rate of Rab5 activation. 
The relationships between macropinosome size and Rab5a cycle 
parameters were measured in several ways. Although macropinosome size in 
Cos-7 cells did not correlate with the maximal level of Rab5a activation 
(EAVGMax, Fig. 2.2D), the duration of the Rab5a cycle increased with 
macropinosome size. By measuring cycle duration as the widths of the 
association and activation curves (parameters a and b of Fig. 2.2C), we 
determined that macropinosomes smaller than 3 µm diameter showed shorter 
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cycle times than did larger macropinosomes (Fig. 2.2E). Rab5a activation 
coincided with organelle association (parameter c of Fig. 2.2C), regardless of 
macropinosome size (solid symbols, Fig. 2.2F). However, on the descending 
curves, the EDA signal declined earlier than the D signal, indicating that Rab5a 
deactivation preceded Rab5a removal from the macropinosome membrane. The 
interval between Rab5a deactivation and dissociation increased with 
macropinosome size (open symbols, Fig. 2.2F). Macropinosomes formed by 
BMM were all less than 3 µm diameter. Although macropinosomes in BMM 
showed lower maximal EAVG than similarly sized macropinosomes from Cos-7 
cells (Fig. 2.2D), their overall Rab5a cycle dynamics were similar to 
macropinosomes of the same size in Cos-7 cells (Fig. 2.2E, F). 
We quantified the extent to which probe expression altered Rab5 
dynamics on macropinosomes. To examine the effects of YFP-RBD expression 
on the Rab5a association with macropinosomes, we compared Cos-7 cells 
expressing YFP-RBD, CFP-Rab5a and mCherry with Cos-7 cells expressing 
YFP-Rab5a and CFP. The presence of the YFP-RBD increased the rate of 
Rab5a association with macropinosomes. In cells expressing the FRET pair, the 
rate of change was 0.263 ∆RM/RC per minute (+/-0.09, n=5), whereas for cells 
expressing the YFP-Rab5a and CFP the rate was 0.293 ∆RM/RC per minute (+/-
0.06, n=4). Moreover, expression of YFP-RBD prolonged the total Rab5a cycle. 
Without YFP-RBD, a = 3.67 min, with YFP-RBD, a = 17.75 min. This indicates 
that YFP-RBD enhanced Rab5 association with macropinosomes and inhibited 
dissociation. However, it remains possible that overexpression of FP-Rab5a 
accelerated Rab5 cycle dynamics on macropinosomes, but this could not be 
measured by our methods.  
 
Rab5a activation cycle modulation by GEFs.   
 
To modulate the Rab5a activation cycle, two GEFs were introduced into a 
pIRES2-mCherry vector and expressed in Cos-7 cells along with the Rab5a 
FRET reporter constructs. Use of the pIRES2 vectors expressing mCherry and 
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non-fluorescent GEFs allowed us to use mCherry fluorescence to identify cells 
expressing the non-fluorescent proteins. GEF effects on the Rab5a cycle were 
assessed by obtaining EAVGMax for 15 macropinosomes (Fig. 2.3).  In control 
macropinosomes expressing empty pIRES2-mCherry vector, EAVGMax was 0.19 
± 0.018.  Cos-7 cells expressing YFP-RBD, CFP-Rab5a and pIRES2-Cherry-
Rabex-5 contained enlarged macropinosomes with significantly higher FRET 
values (EAVGMax = 0.24 ± 0.014; p < 0.001). Cells expressing pIRES2-mCherry-
Rin1 did not contain enlarged macropinosomes, but reached higher FRET levels 
than control macropinosomes (EAVGMax = 0.32 ± 0.01; p < 0.0001). These were 
similar to levels observed after expression of constitutively active Rab5a (data 
not shown). Expression of Rabex-5 or Rin1 also increased the abundance of 
FRET-positive tubular extensions from macropinosomes (Fig. 2.3A, B). Thus, 
overexpression of Rab5a GEFs increased and prolonged Rab5a activity on 
macropinosomes and increased tubular endosome formation. 
  
Bafilomycin A1 increases tubule formation and destabilizes the Rab5a cycle. 
 
  Inhibition of the proton ATPase by bafilomycin A1 inhibits acidification of 
endocytic compartments (27) and increases endosome tubulation (28). To 
examine the role of pH in the Rab5a cycle, Cos-7 cells transfected with YFP-
RBD, CFP-Rab5a and mCherry were treated with bafilomycin A1 and stimulated 
with EGF.  Bafilomycin A1 showed a range of effects on the Rab5a cycle. 
Macropinosomes showed increased active Rab5a on tubular endosomes 
protruding from macropinosomes near the center of the cell (Fig. 2.4C), 
suggesting that vacuolar pH affects Rab5-dependent tubule formation. The 
Rab5a cycle on macropinosomes was irregular. Compared to macropinosomes 
in control cells, which exhibited uniform cycles of Rab5 activation (Fig. 2.4 A, D-
F), macropinosomes in bafilomycin A1-treated cells exhibited erratic patterns of 
Rab5a association and activation (Fig. 2.4B, G-I). FRET signals on 
macropinosomes had a variegated appearance (Fig. 2.4C). CFP-Rab5a 
association and dissociation sometimes occurred more than once on a 
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macropinosome and Rab5a association was not consistently accompanied by 
increased FRET (Fig. 2.4 G-I). 
 
Microtubule depolymerization destabilizes the Rab5a cycle.  
 
To examine whether microtubule-based motility affects the Rab5a cycle 
on macropinosomes, cells expressing YFP-RBD, CFP-Rab5a and mCherry were 
treated with the microtubule depolymerizing agent nocodazole. The few 
macropinosomes which did form in these cells did not contain tubular extensions, 
but like the bafilomycin A1-treated cells they showed irregular patterns of Rab5 
activation (Fig. 2.5). FRET signals were uneven and sometimes not restricted to 
the macropinosome itself (Fig. 2.5A). This was also evident from the quantitative 
analysis (Fig. 2.5 B-E). 
 
Inhibition of Rab5a activity destabilizes macropinosomes  
 
To examine the roles of small GTPases in macropinosome formation and 
Rab5a activation, we expressed from pIRES2-mCherry vectors GTPase-deficient 
forms of small GTPases which affect motility and macropinocytosis, including 
Arf6(T27N), Cdc42(N17), Rac1(N17) and Rab5a(S34N), and measured their 
effects on macropinosome formation and the Rab5a cycle.  Expression of 
pIRES2-mCherry constructs of Arf6(T27N), Cdc42(N17) and Rac1(N17) inhibited  
the cells’ ability to ruffle and form macropinosomes (data not shown). In Cos-7 
cells which were transfected with YFP-RBD, CFP-Rab5a(S34N) and pIRES2-
mCherry and stimulated with EGF, no FRET was observed and the majority of 
macropinosomes that formed were unstable, fusing back with the membrane 
shortly after closure (Fig. 2.6A).   
 
Expression of RabGAP-5 lowered FRET signals and destabilized 
macropinosomes.  
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Like cells expressing CFP-Rab5a(S34N), cells expressing Rab5a FRET 
reporters and pIRES2-mCherry-RabGAP-5 formed small macropinosomes with 
little CFP-Rab5a association and very low FRET signals (Fig. 2.6B).  Many 
macropinosomes would start to form but fused back with the membrane.  A small 
amount of CFP-Rab5a localized to these unstable macropinosomes, but 
EAVGMax was very low (0.04 +/- 0.007, p < 0.0001, compared to controls). 
Macropinosome size and stability were measured in BMM expressing CFP and 
either YFP-Rab5a or YFP-Rab5a(S34N). YFP-Rab5a(S34N) decreased 
macropinosome size (Fig. 2.6C, D) and increased the fraction of unstable 
macropinosomes (Fig. 2.6E). Thus, the increase in unstable macropinosomes in 
Cos-7 and BMM expressing dnRab5a or RabGAP-5 indicated a role for Rab5a in 
stabilizing the macropinosome. 
 The effects of these overexpressed proteins on the Rab5a cycle in Cos-7 
cells were analyzed relative to macropinosome size (Fig. 2.7). Macropinosomes 
in control cells were a wide range of sizes, all of which exhibited single cycles of 
Rab5a activation. Rabex-5 and Rin1 increased the overall levels of EAVGMax. 
RabGAP-5 and Rab5a(S34N) showed low levels of Rab5a recruitment to 
nascent macropinosomes and little if any Rab5a activation. Bafilomycin A1 
increased macropinosome size and Rab5a activity on tubular extensions. 
Although both bafilomycin A1 and nocodazole destabilized the Rab5a cycle on 
macropinosomes, neither significantly decreased overall FRET levels.  
 Thus, the analysis of Rab5a cycle dynamics on macropinosomes 
indicated novel mechanisms that regulate the level and overall uniformity of 
Rab5a activity on large areas of membrane. 
 
Discussion 
 
Using new tools to elucidate the dynamics of Rab5 in living cells, this 
study revealed a novel feature of organelle biology, which is that physiological 
parameters affect overall molecular cycles. These tools allowed us to observe 
and quantify the Rab5 cycle of association with macropinosomes, activation, 
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deactivation and dissociation. The ability to measure all of these parameters on 
individual organelles permitted analysis of the overall Rab5 cycle with respect to 
morphological transitions. Visualization of Rab5a dynamics revealed a single, 
continuous sequence of Rab5a localization, activation and deactivation covering 
the entire organelle. This indicated a large-scale coordination of Rab5 activity on 
macropinosomes. It is important to note that these methods measure net 
activities on organelles. Individual molecular cycles are likely more rapid. 
 
The overall Rab5 cycle  
 
Although expression of the fluorescent chimeras altered Rab5a dynamics, 
general patterns were evident. As the macropinosome formed, the D and EDA 
signals increased at the same rate, beginning just as the macropinosome closed 
into the cell. This indicated that the mechanisms of Rab5 association and 
activation are independent of the timing of growth factor addition (closure 
occurred at various times after EGF addition). The slope of EAVG was not affected 
by the size of the macropinosome. Rab5 dissociation from the membrane 
occurred more slowly than deactivation.  This delay was partly due to expression 
of YFP-RBD, which significantly slowed the Rab5a cycle, but it could also be the 
result of phosphoinositide turnover dynamics or delayed recruitment or access of 
Rab5-dissociation factors. 
 
Size-dependent activities  
 
Different sizes of macropinosomes showed similar overall patterns of 
Rab5 cycle dynamics.  Small macropinosomes generally cycled faster than large 
macropinosomes. The principal size-dependent effect was on Rab5 dissociation 
from the macropinosome (Fig. 2.2F), which indicated a role for organelle size in 
maturation rates or Rab conversion (13). Movement of smaller endosomes 
around the forming macropinosome area suggested that mechanisms such as 
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piranhalysis (29) could play a role in reducing the cargo and diameter of the 
macropinosome to a size which can mature and fuse with the lysosomes. 
  
Cycle modulation by GEFs and GAPs  
 
The effects of Rab5 activity on macropinosome dynamics were analyzed 
by expressing GEFs and GAPs from mCherry-pIRES vectors. Overexpression of 
the GEFs Rabex-5 and Rin1 increased EAVGMax values and the persistence of 
active Rab5a on macropinosomes. Sustained Rab5 association and activation on 
macropinosomes in these cells did not allow measurement of cycle times (i.e., D 
and EDA remained elevated). Interestingly, cells expressing Rabex-5 contained 
enlarged active Rab5a-positive vesicles that had formed prior to stimulation and 
image acquisition, a phenotype resembling the effect of overexpression of 
constitutively active Rab5a (data not shown). Rin1 overexpression did not result 
in enlarged endosomes, indicating that the two GEFs function in different aspects 
of macropinosome maturation. Both GEFs increased the number of active 
Rab5a-positive tubular endosomes, which appeared only rarely in control cells.  
Conversely, cells expressing RabGAP-5 contained macropinosomes with low 
levels of FRET. Such cells also contained more cytosolic CFP-Rab5a, indicating 
a higher fraction of inactive Rab5a in those cells. Most macropinosomes were 
unstable. Typically, nascent macropinosomes would close into cells with an 
irregular profile, but would fail to mature into circular organelles. Rather, the 
irregularly shaped phase-bright organelles persisted for up to 2 minutes then 
collapsed, presumably by finally fusing with the plasma membrane.  These 
unstable macropinosomes recruited little or no Rab5a and the Rab5a that did 
accumulate was inactive.  Similar inhibition was observed in cells expressing 
YFP-RBD and CFP-Rab5a(S34N). BMM expressing YFP-Rab5a(S34N) and CFP 
increased the frequency of unstable macropinosomes when compared to BMM 
expressing YFP-Rab5a. These results indicate that activation of Rab5a plays a 
critical role in macropinosome stability. The failure of unstable macropinosomes 
to round up may be related to their ability to form tubular extensions. A study by 
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Kerr and Teasdale (30) showed that sorting nexins-1 and 5 (SNX1, SNX5) 
contribute to the formation of Rab5a-positive tubular extensions and the rounding 
of macropinosomes. Rab5a may facilitate the SNX-mediated tubulation 
necessary for macropinosome rounding. 
 
Irregular Rab5a cycles 
 
The uniformity of the Rab5a cycle on macropinosomes became more 
obvious with the appearance of irregular Rab5a cycles. Bafilomycin A1 treatment 
led to erratic cycles of Rab5a and irregular localization and activation of Rab5a 
on the macropinosome membrane. Treatment of cells with nocodazole also 
caused irregular and erratic patterns of Rab5a localization and activation on 
macropinosomes. Bafilomycin A1 and nocodazole did not affect the maximum 
levels of FRET on the macropinosomes (Fig. 2.7). These variegated patterns of 
Rab5a activation indicate the existence of signal integrating activities on 
organelle membranes and suggest that luminal pH and microtubule integrity 
affect overall cycle dynamics. 
 
Tubular endosomes 
 
Bafilomycin A1 increased the appearance of Rab5a-positive tubular 
endosomes that stretched from the nuclear area toward the edges of the cell and 
exhibited movements typical of microtubule-based motility. Conditions which 
caused sustained activation of Rab5a (Rin1 or Rabex-5) also created tubules 
with active Rab5a. Tubular endosome morphologies were shown by earlier 
studies to be microtubule-dependent (28). The increase in FRET-positive tubular 
endosomes after overexpression of Rabex-5 and Rin1 and after bafilomycin A1-
treatment indicates a relationship between macropinosome pH, Rab5a activity 
and microtubule-based endosome trafficking. This could be attributable to the 
Rab5 effector Rabenosyn-5, which mediates microtubule-based extension of 
endosomal membranes (31).   
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 Thus, imaging of Rab5a cycles on macropinosomes revealed the 
existence of mechanisms which shape the overall Rab5a cycle. We speculate 
that organelle size affects the rate of formation of 3’ phosphoinositides and 
concentrations of 3’ phosphoinositides affect overall levels of Rab5 GEF or GAP 
activities. Furthermore, these studies indicate that Rab5a activity facilitates the 
extension of tubules and the rounding of the macropinosome, which may help to 
stabilize the organelle. 
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Figure 2.1.  Visualization of the Rab5a activation cycle on macropinosomes.  (A) 
A Cos-7 cell transfected with CFP-Rab5a, YFP-RBD and mCherry, stimulated 
with EGF and viewed by phase-contrast microscopy (PC). The enlarged region 
shows a macropinosome labeled with CFP-Rab5a (B) and YFP-RBD (C), and the 
distribution of cytoplasm indicated by mCherry (D).  (E) A time series showing a 
region of the cell shown in panels A-D, processed for ratiometric imaging of CFP-
Rab5a (D = ID + EDA*ξ) and for total fluorescence due to FRET between CFP-
Rab5a and YFP-RBD (EDA = IF - α*IA - β*ID).  In the bottom row, EAVG values 
are presented as pseudocolor overlaid on the phase-contrast images (EAVG = (EA 
+ ED)/2). Color scale indicates EAVG values. EGF (100 ng/mL) was added after 
acquisition of the first frame. (F) BMM expressing CFP-Rab5a, YFP-RBD and 
mCherry, stimulated with M-CSF.  Image processing for FRET stoichiometry 
obtained the CFP-Rab5a distribution (D), total FRET signal (EDA) and EAVG. For 
both cells, CFP-Rab5a recruitment to macropinosomes coincided with the 
increase in FRET, but FRET decreased before CFP-Rab5a dissociated from the 
macropinosome. Scale bars = 10 µm. 
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Figure 2.1 
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Figure 2.2.  The Rab5a cycle is slower on larger macropinosomes.  (A-B) 
Quantification of the CFP-Rab5a activation cycle on individual macropinosomes 
of different diameters from Cos-7 cells, 7.5 µm (closed circles) and 2.2 µm (open 
circles). (A) CFP-Rab5a association and dissociation from macropinosomes. The 
larger macropinosome in the Cos-7 cell was labeled longer with CFP-Rab5a. (B) 
FRET from macropinosome-associated CFP-Rab5a and YFP-RBD (EDA). (C) 
Comparison of CFP-Rab5a association (closed symbols, from panel A) and 
activation (open symbols, from panel B) profiles on a single macropinosome from 
Cos-7 cells, normalized to the maximum and minimum values and plotted as 
Fraction of the Maximal Signal versus Time. Measured parameters were: a, for 
CFP-Rab5a association (D), the interval between the time the macropinosome 
reached half-maximal value ascending to the time it reached half-maximal value 
descending; b, for CFP-YFP FRET signals (EDA), the interval between the time 
the macropinosome reached half-maximal value ascending to the time it reached 
half-maximal value descending; c, for the ascending phase of D and EDA curves, 
the interval between the time of half-maximal D and half-maximal EDA; d, for the 
descending phases of the D and EDA curves, the interval between the time of 
half-maximal D and half-maximal EDA. (D) Maximal FRET signals (EAVGMax) on 
individual macropinosomes, plotted vs. macropinosome diameter. Although 
maximal FRET signals were lower in BMM (triangles) than in Cos-7 cells (circles) 
for macropinosomes of comparable sizes, maximal FRET signals did not 
correlate with macropinosome size. (E) Half-maximal widths for Rab5a cycles 
were measured in macropinosomes of Cos-7 cells (circles) and BMM (triangles). 
CFP-Rab5a FRET cycles (a, closed symbols) were shorter than CFP-Rab5a 
association cycles (b, open symbols). Cycles were generally longer on larger 
macropinosomes. (F) For both Cos-7 cells (circles) and BMM (triangles), CFP-
Rab5a activation coincided with association for all sizes of macropinosomes (c, 
closed symbols), whereas deactivation preceded dissociation by up to 12 min, 
with larger macropinosomes exhibiting longer lag times (d, open symbols). 
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Figure 2.2 
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Figure 2.3.  Rab5a GEFs increase formation of macropinosome-associated 
tubules. (A) Cos-7 cell expressing FRET probes and pIRES2-mCherry-Rabex-5. 
(B) Cos-7 cell expressing FRET probes and pIRES2-mCherry-Rin1. Top row, 
phase-contrast; middle row, D (CFP-Rab5a); bottom row, EO (EAVG Overlay). 
Overexpression of both GEFs increased CFP-Rab5a FRET on macropinosomes 
and remained higher than control. Macropinosomes extended tubules with high 
FRET signals. Color scale indicates EAVG FRET signals. Scale bar = 10 µm. 
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Figure 2.3 
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Figure 2.4. Bafilomycin A1 increases tubule formation and destabilizes the 
Rab5a cycle on macropinosomes. Macropinosomes in control cells (A) showed a 
single cycle of Rab5a activation and deactivation, whereas bafilomycin A1-
treated cells (B) showed erratic patterns of CFP-Rab5a association, activation 
and deactivation and multiple tubular extensions with high Rab5a activity. Top 
row, phase-contrast; middle row, D (CFP-Rab5a); bottom row, EO [phase-
contrast with overlay showing inactive CFP-Rab5a (red) and active CFP-Rab5a 
(green)], with the threshold for CFP-Rab5a activation set at EAVG = 8%. (C) Top 
row, phase-contrast; middle row, TO, phase-contrast with overlay showing active 
Rab5 on tubular extensions (green) of cell treated with bafilomycin A1; bottom 
row; EO, EAVG values presented as pseudocolor overlaid on phase-contrast. 
Scale bars = 10 µm. (D-I) Individual traces from macropinosomes in control (D-F) 
and bafilomycin A1-treated (G-I) Cos-7 cells showing CFP-Rab5 association 
(closed circles) and CFP-Rab5 FRET signals (open circles). 
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Figure 2.4 
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Figure 2.5. Nocodazole destabilizes the Rab5a cycle on macropinosomes. (A) 
Rab5a activation on a macropinosome of a cell in nocodazole; top, phase-
contrast; bottom, EO, phase-contrast with overlay showing inactive CFP-Rab5a 
(red) and active CFP-Rab5a (green), with the threshold for CFP-Rab5a activation 
set at EAVG = 10%. Rab5a activity fluctuates on the macropinosome. Scale bar = 
5 µm. (B-E) Individual traces from macropinosomes in nocodazole-treated cells. 
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Figure 2.5 
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Figure 2.6. RabGAP-5 and Rab5a(S34N) destabilize macropinosomes.  A) Cos-7 
cells expressing YFP-RBD, CFP-Rab5a(S34N) and mCherry were stimulated by 
addition of EGF after the first frame was acquired. Small macropinosomes 
formed rarely. Most macropinosomes showed no association with CFP-
Rab5a(S34N), no FRET and did not persist. B) Cos-7 cells expressing YFP-RBD, 
CFP-Rab5a and pIRES2-mCherry-RabGAP-5 formed macropinosomes, which 
showed low CFP-Rab5 association and low FRET signals. The vast majority of 
the macropinosomes were unstable and fused back with the membrane. Some 
small macropinosomes that were able to form showed low FRET signals. C, D) 
Macrophages expressing CFP-Rab5a(S34N) (black bars) formed smaller 
macropinosomes in response to M-CSF than macrophages expressing CFP-
Rab5a (white bars). E) Macrophages expressing CFP-Rab5a(S34N) formed 
unstable macropinosomes more often than did macrophages expressing CFP-
Rab5a. 
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Figure 2.6 
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Figure 2.7.  The Rab5a cycle is modulated by GEFs and GAPs.  Cos-7 cells 
were transfected with YFP-RBD, CFP-Rab5a and pIRES2-mCherry co-
expressing GEFs (Rin1 and Rabex-5), GAP (RabGAP-5) or nothing (control). 
Cells were stimulated and macropinosomes were imaged and analyzed as in 
Figures 1 and 2.  For each condition, the maximum EAVG values were calculated 
for >9 macropinosomes and plotted as functions of macropinosome diameter. 
Relative to control cells expressing YFP-RBD, CFP-Rab5a and mCherry only, 
the GEFs, Rabex-5 and Rin1, increased EAVGMax, whereas the GAP, RabGAP-
5, decreased EAVGMax. Treatment of control cells with bafilomycin A1 or 
nocodazole showed lower EAVGMax levels, but these were not significant. 
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Figure 2.7 
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Chapter III 
 
Coordination and Regulation of Small GTPases during Macropinocytosis and 
Phagocytosis 
 
Abstract 
 
Infection of cells with Listeria monocytogenes (Lm) involves escape from 
its phagocytic vacuole prior to fusion with the lysosome.  The small GTPase 
Rab5 limits the ability of Lm to escape from its compartment. Lm is able to 
modulate Rab5 activity, promoting GDP exchange of Rab5 (1). However, 
although Rab5 localizes to Lm-containing vacuoles in CHO cells and J774E cells, 
it does not localized to Lm vacuoles in RAW 264.7 macrophages (2, 3). To 
compare the dynamics of small GTPases during phagocytosis and Lm infection, 
we used Förster Resonance Energy Transfer (FRET) microscopic methods to 
measure Cdc42, Rac1, Rac2 and Rab5 activity during IgG-opsonized red blood 
cells (RBC) and Lm uptake in murine primary bone marrow-derived 
macrophages.  During RBC phagocytosis, Rac1 and Rac2 localized to the 
phagosome and Cdc42 was localized to the leading edge of the phagocytic cup. 
Rab5 localized to the phagosome but showed low levels of activity.  During Lm 
uptake, all four GTPases showed activation.  Rac1 was activated on a subset of 
Lm-containing vacuoles.  Rab5 showed varying levels of activation on Lm-
containing vacuoles.  Rab5 activity was higher on macropinosomes that formed 
in the vicinity of phagocytic events than on RBC phagosomes or Lm-containing 
vacuoles. During uptake of hemolysin-deficient or heat-killed Lm, Rab5 localized 
to the vacuole with low levels of FRET, suggesting a possible role of LLO in the 
activation of Rab5. During vesicle fusion events, Rab5 activity was higher at the 
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point of contact between both vacuoles. Moreover, during vesicle fusion Rab5 
activity increased over the entire organelle, starting at the point of contact and 
radiating around the new vacuole. These studies indicate that Lm modulates the 
activities of small GTPases, particularly Rab5, during infection of macrophages. 
 
Introduction 
 
Endocytosis comprises a group of mechanisms by which cells obtain 
nutrients from the environment and internalize particles or pathogens.  Two 
endocytotic mechanisms are macropinocytosis and phagocytosis.  
Macropinocytosis allows cells to internalize relatively large amounts of 
extracellular fluids, which may be used to obtain nutrients or to sample the 
environment for immune surveillance.  Phagocytosis is the engulfment by cells of 
particles or pathogens. It is commonly used by innate immune cells such as 
macrophages to kill microbes.  Both mechanisms require the extension of actin-
rich membrane ruffles which close by fusing at their distal margins, creating 
macropinosomes or phagosomes as intracellular vacuoles. These compartments 
usually fuse with early endosomes, then acidify and mature into compartments 
resembling late endosomes and lysosomes. These transitions are regulated by 
phosphoinositides and small GTPases.  Recent studies have looked at the main 
proteins involved in both pathways and how each pathway differs in the 
recruitment, localization and activation of each protein.  Among the small 
GTPases involved in phagocytosis, Cdc42, Rac1, Rac2 and Rab5 play major 
roles in the early stages of uptake.  Cdc42, Rac1 and Rac2 organize actin 
cytoskeleton rearrangement that leads to the extension of the ruffle and 
formation of the vacuole.  Work done by Yoshida, et al. (4), showed that during 
M-CSF-stimulated macropinocytosis in murine bone marrow-derived 
macrophages Rac1 but not Rac2 was involved in the formation of the 
macropinosome. Hoppe, et al. (5), showed that during phagocytosis of opsonized 
sheep RBC by macrophage-like RAW 264.7 cells both Rac1 and Rac2 localized 
to the forming phagosome. In both studies Cdc42 activity localized to the tip of 
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the extending ruffles.  Rab5 has been shown to localize to both forming 
phagosomes and macropinosomes (4, 6).   
Survival and replication inside neutrophils and macrophages is crucial for 
the virulence of microbes. Some pathogens have evolved mechanisms to 
interfere with crucial steps of phagocytosis, such as delay of phagosome fusion 
with the lysosome or escape from the phagosome into the cytoplasm.  Studies 
have pointed toward the small GTPase, Rab5a, as a target of multiple 
pathogens. Rab5 is a member of the Rab family of small GTPase which are a 
subgroup of the Ras GTPase family. It regulates docking and fusion of endocytic 
vesicles with early endosomes as well as the homotypic fusion of early 
endosomes. Rab5 is also involved in the translocation and activation of Rac2, 
leading to the oxidative burst (7). Previous work in our laboratory, using 
fluorescent chimeras of Rab5a and ratiometric fluorescence microscopy, showed 
that the maturation pathway of phagosomes in macrophages follows a sequential 
appearance of actin, Rab5a, Rab7 and LAMP1. Other groups showed that the 
inhibition of Rab5a or Rab7 could alter the progression of phagosomes to 
lysosomes, indicating the importance of these proteins. The main two ways 
pathogens modulate Rab5 activity are: 1) by keeping Rab5 in its GTP-bound or 
active form, which promotes continuous fusion with early endosomes and delays 
phagosome maturation and 2) by keeping Rab5 in its GDP-bound or inactive 
form, thus abolishing all fusion events.  Pathogens such as Salmonella have 
specific virulence factors that keep Rab5 on its active form (8), while 
Mycobacterium tuberculosis uses deactivation of Rab5 to delay degradation (9).A 
number of diseases, such as Alzheimer’s, Huntington’s and some types of 
cancers, are caused in part by disruption of Rab5 cycling (10-14).   
The intracellular pathogen, Listeria monocytogenes (Lm), is a Gram-
positive bacterium which is capable of avoiding degradation by escaping from the 
phagosome into the cytoplasm.  Listeria monocytogenes arrests maturation of 
the Lm-containing vacuole. Previous studies have shown that overexpression of 
Rab5 in macrophages reduces intracellular survival of Lm after infection (15). 
Rab5 localization to the Lm-containing vacuole appears to vary with target cell 
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type. Rab5 might play an important role in Lm survival.  Lm targets Rab5 via its 
virulence factor p40 protein, a glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (1, 3, 16).  This virulence factor keeps Rab5 in its inactive form and 
allows time for LLO to perforate vacuolar membranes. Alvarez-Dominguez, et al. 
(3), observed localization of Rab5 to Lm-containing vacuoles of J774E and CHO 
cells. In contrast, Henry, et al. (2), observed that Rab5 did not localize to the Lm-
containing vacuoles in RAW264.7 cells. These latter studies suggest cell-specific 
differences in the role of Rab5 during Lm infections.   
 
To test the hypothesis that Lm alters Rab5a activation on Lm-containing 
vacuoles, we compared the dynamics and activation patterns of Rab5a during 
macropinocytosis and phagocytosis of RBC or Lm. FRET and ratiometric 
fluorescence microscopy were used to study Rab5a activation patterns in murine 
bone marrow-derived macrophages co-transfected with probes of Rab5 activity, 
including the chimeras YFP-RBD and CFP-Rab5a.  Co-expressing the 
fluorescent protein mCherry as a volume marker, we calculated YFP-RBD/Cherry 
and CFP-Rab5a/Cherry ratios as well as FRET between YFP-RBD and CFP-
Rab5a.   Activation of Rab5a on RBC-containing phagosomes was lower than 
the levels of activation on macropinosomes. Rab5 activities on Lm-containing 
vacuoles were lower than on macropinosomes.  Rab5 activation levels were 
lower on vacuoles containing hemolysin-deficient (hly-) and heat-killed Lm-
containing vacuoles than on vacuoles containing wild-type bacteria, indicating a 
possible effect of hemolysin on Rab5 activation. Thus, Rab5a localized to red cell 
phagosomes, Lm-containing vacuoles and macropinosomes, whereas Rab5a 
activation was reduced on red cell phagosomes and Lm-containing vacuoles 
relative to macropinosomes. Dynamic studies revealed that YFP-Rab5a was 
recruited with similar kinetics to both red blood cell-containing phagosomes and 
Lm-containing vacuoles. A YFP chimera of Rab5-binding domain from EEA1 
(YFP-RBD), which binds to endogenous active Rab5a, showed similar Rab5a 
localization and activation on red cell phagosomes and Lm-containing vacuoles.   
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We also used FRET microscopy to measure Cdc42, Rac1 and Rac2 
activation patterns during RBC and Lm uptake in BMM.  All three showed 
patterns during RBC phagocytosis consistent with previous studies (6, 17).  
During Lm infection, Rac1 was activated in only a subset of vacuoles, which 
indicated that Lm may modulate Rac1 activity. 
 
Methods and Materials 
 
Tissue culture, Treatment and Transfection 
 
 Murine bone marrow-derived macrophages (BMM) were prepared from 
femurs of C57/BL6 mice purchased from Jackson Laboratories (Bar Harbor, ME, 
USA; Stock Number 000664) and cultured 6 days, as described previously (18). 
For microscopy, cells were transfected the day before imaging using Lonza’s 
Amaxa Mouse Macrophage Nucleofector kit (Basel, Switzerland) according to the 
manufacturer's protocol, plated onto 25 mm, No. 1.5 circular coverslips (Fisher 
Scientific) at 1.0 x 106 cells per coverslip and incubated in RPMI-1640 with 20% 
HIFBS, 4 mM L-glutamine, 20 U/ml penicillin and 20 μg/ml streptomycin for 4 
hours.  After 4 hours cells were washed with 1X PBS (Gibco) and incubated in 
fresh RPMI-1640 overnight. 
 
Red blood cell phagocytosis 
  
For imaging, coverslips with cells were placed in a Leiden chamber 
(Harvard Apparatus) with 0.4 mL of Ringer's buffer (155 mM NaCl, 5 mM KCl, 2 
mM CaCl, 1 mM MgCl, 2 mM NaH2PO4, 10 mM glucose, 10 mM HEPES at pH 
7.2) at 37°C and maintained in a heated observation chamber at 37°C. After 
selection of a transfected cell, 105 IgG-opsonized erythrocytes (5 µL) were added 
to the coverslip. Image collection began as erythrocytes came into contact with 
the macrophage.  Images were acquired at 30-sec intervals.  
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Bacterial strains and preparation 
 
L. monocytogenes wild-type strain DP-L10403 and hly- deletion strain DP-
L2161 were grown overnight at room temperature in brain heart infusion (BHI) 
broth. They were subcultured the next day and grown for 1 hour to an OD600 of 
0.500 at 37°C. Sub-cultured bacteria (1 mL) were washed three times in Ringer's 
buffer (RB; 155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 2 mM 
NaH2PO4, 10 mM Hepes and 10 mM glucose, pH 7.2). 
 
Listeria uptake 
 
 After selection of a transfected macrophage, 100 µL of the sub-cultured 
Lm were added to the coverslip and incubated for 2 minutes.  Images were 
acquired at 30-sec intervals, beginning immediately after the 2-minute incubation. 
 
Plasmids 
 
 Monomeric versions of the cyan fluorescent protein (CFP), citrine (YFP) 
and Cherry (mCherry) were used for all chimeric constructs (6).  YFP constructs 
of RBD, Cdc42, Rac1 and Rac2 and CFP constructs of Rab5a and PBD were 
previously described (6).  All sequences of constructs were confirmed by DNA 
sequencing at the University of Michigan DNA Sequencing Core. 
 
Ratiometric and fluorescence resonance energy transfer (FRET) microscopy 
 
 Cells were co-transfected with plasmids encoding YFP, CFP chimeras of 
the GTPase and its correspondent binding domain and mCherry. mCherry 
served as a cytosolic volume marker which corrected for optical pathlength due 
to cell shape. Five images were acquired: Phase-contrast, IA, which contains the 
FRET-independent fluorescence from the acceptor, ID, which contains the 
fluorescence from the donor, IF, which contains a mixture of donor, acceptor, 
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and FRET fluorescence and IR, which contains the fluorescence from mCherry.  
These images were acquired on a Nikon TE300 widefield inverted fluorescence 
microscope with a 60× 1.4 NA Planapo objective, excitation and emission filters 
in filter wheels, a temperature-controlled stage, shutters for both phase-contrast 
and epifluorescence and a cooled digital charge-coupled camera (Quantix; 
Photometrics, Tucson, AZ).  The source of epifluorescent light was a mercury 
arc lamp (OSRAM GmbH, Augusburg, Germany). Images were corrected for 
exposure times and shade and bias corrections were applied before processing. 
All images were acquired using MetaMorph version 7.7r1 (Molecular Devices, 
Sunnyvale, CA).  
FRET and ratiometric microscopy measurements were calculated for 
each cell using MATLAB R2009a (The Mathworks, Natick, MA), the DIPImage 
toolbox for MATLAB (http://www.diplib.org/, Quantitative Imaging Group, Delft 
University of Technology, Netherlands) and FRET Calculator (available from the 
Center for Live Cell Imaging at the University of Michigan). Ratiometric images 
of YFP- and CFP-chimeras were calculated from three images, the YFP image 
IA, the CFP image ID, and mCherry image IR.  The ratio of YFP- or CFP-chimera 
to mCherry reported the localization of each chimera normalized to cell volume. 
FRET stoichiometry (5) was used to measure the proportions of donor, acceptor 
and donor-acceptor complex in each pixel.  FRET calibration parameters were 
determined using Cos-7 cells expressing YFP only (α), CFP only (β) or a linked 
YFP-CFP molecule of known FRET efficiency (γ and ξ).  FRET Calculator was 
used to obtain the total concentrations of acceptor (A) and donor (D = ID + 
EDA*ξ), the FRET efficiency times the concentration of donor-acceptor complex 
(EDA = IF - α*IA - β*ID), the fraction of the acceptor in complex times the FRET 
efficiency (EA), the fraction of the donor in complex times the FRET efficiency 
(ED), the average FRET efficiency (EAVG = (EA+ED)/2), the ratio of acceptors to 
cytoplasmic marker (RYR), the ratio of donors to cytoplasmic marker (RCR) and 
molar ratio of acceptors to donors (RM).  The EO image was created by 
thresholding the EAVG image with different binary masks made from D images. 
The masks were thresholded to identify only the cargo-positive organelles and a 
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pseudocolor scale was applied to the masked EAVG images, assigning the color 
red to EAVG values below a specific cut-off and green for values above the cut-
off, the new scaled images were overlayed onto the phase-contrast images. In 
Figures 3.1, 3.2 and 3.3, the overlay images display red to indicate regions 
containing inactive Rab5a and green where Rab5 activity is greater than some 
threshold value. The threshold values were selected to illustrate peaks of Rab5 
activation relative to the morphology. On a scale of EAVG values from 0 to 40%, 
the threshold values ranged from 6% (Fig. 3.3C, D) to 12% (Figs. 3.1C and 
3.2D). 
  In Figure 3.4B, the EO image was created by thresholding the EAVG 
image with different binary masks made from D images. The masks were 
thresholded to identify only the CFP-Rab5a-positive organelles and a 
pseudocolor scale was applied to the masked EAVG images, assigning different 
colors at 5% EAVG steps (0 to 40% EAVG), the new scaled images were 
overlayed onto the phase-contrast images. 
 
Particle Tracking 
 
The centroid-tracking algorithm TRACKOBJ of Metamorph was used to 
measure signals associated with macropinosomes, as previously described (5).  
Using the phase-contrast image, the center of the macropinosome was identified; 
a region encompassing the macropinosome was drawn in the phase-contrast, 
EA, ED, EDA, EAVG, A, D and Ratio images.   To compare multiple image series, 
the macropinosome data traces were aligned by designating the first phase-
contrast image containing a fully rounded macropinosome as the 1-min time 
point. 
 
Recruitment Index RMP/RC 
 
A recruitment index was used to compare chimera recruitment to 
macropinosomes in cells expressing varying concentrations of two (YFP-chimera 
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and free CFP) or three (YFP- and CFP-chimeras and free mCherry) proteins.  
Free CFP or mCherry, presumably distributed in cytoplasm without selective 
binding, and reported the distribution of cytoplasm. Dividing the Ratio on the 
macropinosome or phagosome RMP by the Ratio for the entire cell RC obtained 
the relative concentration of each chimera on the macropinosome, as described 
below 
 
 RMP/RC = [YFP]MP[CFP]C/[YFP]C[CFP]MP = [YFP]MP/[YFP]C 
 
or 
 
RMP/RC = [YFP]MP[mCherry]C/[YFP]C[mCherry]MP = [YFP]MP/[YFP]C ; 
 
RMP/RC = [CFP]MP[mCherry]C/[CFP]C[mCherry]MP = [CFP]MP/[CFP]C 
 
Results 
 
Cdc42, Rac1 and Rac2 Activation Patterns during RBC Phagocytosis 
 
To measure Rho-family GTPase activities during endocytosis, BMM were 
transfected with YFP chimeras of Cdc42, Rac1 or Rac2 and with CFP-PBD, the 
p21-binding domain from Pak1 which binds to active forms of all three GTPases. 
Cells were fed IgG-opsonized sheep RBCs. After binding of the RBC to the cell, 
image series were acquired at 30-second intervals.  We observed that all three 
GTPases were activated in forming phagosomes; Cdc42 was at the leading edge 
of the extending ruffle and showed low levels of activation, peaking at an 
EAVGMax of 0.10.  Rac1, Rac2 and Rab5 localized to the forming phagosome, 
Rac1 first localized to the forming phagosome around 30 seconds before Rac2. 
Rac1 values reached an EAVGMax of 0.15 and Rac2 values reached an EAVGMax 
of 0.12.     
 
77 
 
Cdc42, Rac1 and Rac2 Activation Patterns during Lm uptake 
 
Similar methods were used to measure the activation of Cdc42, Rac1 and 
Rac2 during Lm uptake. All three GTPases were recruited to the forming Lm-
containing vacuole.  Cdc42 activation peaked at an EAVGMax of 0.10. Due to the 
size of the Lm-containing vacuole and the speed of the event, we were not able 
to discern if Cdc42 localized only to the leading edge of the ruffle, as it did during 
phagocytosis of RBC and during macropinocytosis. Rac2 also localized to the 
forming vacuole, reaching EAVGMax values of 0.13.  Interestingly Rac1 
localization and activation were observed on only a subset of BMM. In those 
cases where Rac1 localized to the forming Lm-containing vacuole, it reached 
EAVGMax levels of 0.19.   
 
Differences in Rab5a activation levels during macropinocytosis and phagocytosis 
of RBC and L. monocytogenes 
 
During phagocytosis of IgG-opsonized sheep RBCs, we observed Rab5a 
localization to the phagosome with relatively little Rab5a activation. To analyze 
Rab5a dynamics during Lm infection, BMM were transfected with YFP-RBD, the 
amino terminal Rab5-binding domain of EEA1, CFP-Rab5a and mCherry, which 
served as a volume marker and allowed ratiometric fluorescence microscopy.  
Transfected BMM were incubated with Lm for 2 minutes and images were 
acquired at 30-second intervals beginning immediately after incubation. Rab5a 
showed a diverse population within the same cell. The ratio of CFP-Rab5a to 
mCherry (RCR) indicated that Rab5a localized to the phagosome, but EAVGMax 
was only 0.10. Lm-containing vacuoles had EAVGMax levels ranging from 0.05 to 
0.15 and most were in the lower part of the range. This was less than the 
EAVGMax of Rab5a on the macropinosomes that formed nearby, which reached 
EAVGMax values of 0.20.  Heat-killed Lm and hly- Lm, a Lm mutant that does not 
express the pore forming cytolysin listeriolysin O (LLO), were also tested. 
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Surprisingly, neither of them showed high levels of Rab5a FRET; the mean 
EAVGMax was 0.08.  
 
Dynamics of Rab5a on whole organelle during vesicle fusions 
 
During infections with wt Lm and hly- Lm, we observed fusion events 
between Lm-containing vacuoles and macropinosomes or other Lm-containing 
vacuoles. Just after vacuoles contacted each other, total Rab5a and active 
Rab5a signals increased, mainly at the site of contact. After the vacuoles fused 
together, the Rab5 intensity increased over the newly formed vacuole, 
progressing in a wave-like motion from the point of contact. After levels of Rab5 
had increased over the entire organelle, they again decreased. 
 
Discussion 
 
Here we used a combination of FRET and ratiometric microscopy to study 
Rab5, Cdc42, Rac1 and Rac2 activation patterns during macropinocytosis, 
phagocytosis of opsonized RBC and of Lm in murine macrophages, tostudy 
differences in the dynamics during endogenous homeostatic pathways and the 
effects Lm has on these during its uptake and survival.  During RBC 
phagocytosis, Cdc42 localized to the front edge of the ruffle and was completely 
deactivated after closure. Rac1, Rac2 and Rab5 localized to the phagosome. 
The patterns of activation for Cdc42, Rac1 and Rac2 were similar to those 
reported in a previous study of RBC phagocytosis in RAW 264.7 cells (17). Rac1 
localized to the forming phagosome prior to Rac2 and both were present on the 
phagosome until just after closure.  Ratiometric imaging of CFP-Rab5 and 
mCherry showed that Rab5 also localized to the phagosome.  Rab5 localization 
followed similar dynamics in BMM as in RAW 264.7, as previously shown (6). 
The activation values of Rab5 on the phagosome were lower than those on 
macropinosomes that formed in the same region of the cell.  
79 
 
Previous work by Yoshida, et al., (4), showed that, during M-CSF-
stimulated macropinocytosis, Rac1 was activated but not Rac2.  Here we 
observed that Lm activates a variety of signals during uptake.  In contrast with 
RBC phagocytosis, where Cdc42 plays a role mostly on the edge of the ruffle, 
and macropinocytosis, where Cdc42 plays a similar role and Rac2 does not 
seem to be involved, all four GTPases were activated during Lm uptake.  Cdc42 
and Rac2 were activated during every Lm entry event.  Interestingly, Rac1 
localization and activation were observed on only a subset of BMM. It was 
previously shown that in murine BMM, Lm facilitates its uptake by activation of 
PI3K and Rac1 through toll-like receptor TLR2-MyD88 signaling (19).  The 
diversity in Rab5 FRET levels on Lm-containing vacuoles within the same cell 
shows that Lm is able to modulate Rab5. Unfortunately, due to technical 
limitations we were unable to correlate FRET levels on individual Lm-containing 
vacuoles with Lm fate inside the macrophage.  We hypothesize that Lm 
contained in vacuoles that showed low levels of Rab5 FRET would have a higher 
survival rate than Lm in vacuoles with higher Rab5 FRET levels.  Vacuoles 
containing heat-killed Lm and hly- Lm, which does not express LLO, also showed 
low levels of Rab5 FRET. Functional LLO is missing in both of these conditions.  
Thus, damage of the BMM membrane by LLO could be a signal for activation of 
the phagocyte causing activation of Rab5 and localization of it to the vacuoles.  
Further studies will be carried out to understand the lack of Rab5 localization and 
activation in these cases. 
The dynamics of Rab5 during fusion events show the complexity of Rab5 
coordination.  It points to two different levels of organization on the organelle; 
Rab5 levels are modified not only in the portion of the membrane where the 
fusion is occurring but also over the whole organelle. 
These results show that Lm via some known and some still unknown 
virulence factors activates multiple pathways to enhance its probability of being 
taken up by macrophages.  It activates all three studied small GTPases that are 
involved in the uptake stages of either macropinocytosis or phagocytosis and 
seems to be able to modulate Rac1 activity.  After uptake we observe that unlike 
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during macropinocytosis and phagocytosis, where Rab5a activation values were 
constantly close to 10%, during Lm uptake there was considerable variation in 
the levels of activation reached by Rab5a, all within the first 3-5 minutes after 
uptake. 
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Figure 3.1. Cdc42, Rac1 and Rac2 Activation Patterns during RBC Phagocytosis.  
RBC phagosomes in BMM cells (A), showed activation of Cdc42 at the leading 
edge of the extending ruffle. Top row, phase-contrast; bottom row, EO [phase-
contrast with overlay showing inactive YFP-Cdc42 (red) and active YFP-Cdc42 
(green)], with the threshold for YFP-Cdc42 activation set at EAVG = 8%. Rac1 
localized to the RBC phagosome (B). Top row, phase-contrast; bottom row, EO 
[phase-contrast with overlay showing inactive YFP-Rac1 (red) and active YFP-
Rac1 (green)], with the threshold for YFP-Rac1 activation set at EAVG = 10%.  
Rac2 also localized to the forming phagosome (D). Top row, phase-contrast; 
bottom row, EO [phase-contrast with overlay showing inactive YFP-Rac2 (red) 
and active YFP-Rac2 (green)], with the threshold for YFP-Rac42 activation set at 
EAVG = 12%.  Scale bars = 5 µm. 
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Figure 3.1 
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Figure 3.2. Cdc42, Rac1 and Rac2 Activation Patterns during Lm uptake. 
Lm-containing vacuoles in BMM cells (A) showed activation of Cdc42 at the site 
of vacuole formation. Top row, phase-contrast; bottom row, EO [phase-contrast 
with overlay showing inactive YFP-Cdc42 (red) and active YFP-Cdc42 (green)], 
with the threshold for YFP-Cdc42 activation set at EAVG = 8%. Rac1 localized to 
the Lm-containing vacuole in some cells (B), but was absent in others (C). Top 
row, phase-contrast; bottom row, EO [phase-contrast with overlay showing 
inactive YFP-Rac1 (red) and active YFP-Rac1 (green)], with the threshold for 
YFP-Rac1 activation set at EAVG = 10% (B) and 8% (C).  Rac2 localized to the 
forming vacuole (D). Top row, phase-contrast; bottom row, EO [phase-contrast 
with overlay showing inactive YFP-Rac2 (red) and active YFP-Rac2 (green)], 
with the threshold for YFP-Rac42 activation set at EAVG = 12%.  Scale bars = 3 
µm.  
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Figure 3.2 
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Figure 3.3. Differences in Rab5a activation levels during macropinocytosis and 
phagocytosis of RBC and L. monocytogenes. Rab5a localized to RBC 
phagosomes in BMM cells (A). Top row, phase-contrast; bottom row, EO [phase-
contrast with overlay showing inactive CFP-Rab5a (red) and active CFP-Rab5a 
(green)], with the threshold for CFP-Rab5a activation set at EAVG = 8%. Scale 
bars = 5 µm. During wt Lm uptake Rab5a localized to Lm-containing vacuole (B). 
Top row, phase-contrast; bottom row, EO [phase-contrast with overlay showing 
inactive CFP-Rab5a (red) and active CFP-Rab5a (green)], with the threshold for 
CFP-Rab5a activation set at EAVG = 14%.  Rab5a localized to hly- (C) and heat-
killed Lm-containing (D) vacuoles with low levels of activation. Top row, phase-
contrast; bottom row, EO [phase-contrast with overlay showing inactive CFP-
Rab5a (red) and active CFP-Rab5a (green)], with the threshold for activation set 
at EAVG = 5%.  Scale bars = 3 µm. 
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Figure 3.3 
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Figure 3.4. Dynamics of Rab5a on whole organelle during vesicle fusion. BMM 
transfected with YFP-Rab5a and CFP were infected with wt Lm.  Two Lm-
containing vacuoles come into contact and fuse causing an increase of Rab5a 
over the whole organelle (A).  Top row, phase-contract; second row, YFP-Rab5a; 
third row, CFP fluorescence; bottom row, ratio of YFP-Rab5a to CFP. During 
uptake of hly- Lm a Lm-containing vacuole and an empty endosome come into 
contact and fuse, showing an increase in Rab5a ratio and a more localized 
increase in active Rab5a (B).  Top row, phase-contrast; middle row, EO [phase-
contrast with overlay showing inactive CFP-Rab5a (red) and active CFP-Rab5a 
(green)], with the threshold for CFP-Rab5a activation using a pseudocolor scale 
assigning different colors at 5% EAVG steps (0 to 40% EAVG).  Bottom row, ratio 
of CFP-Rab5a to mCherry (RCR). 
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Chapter IV 
 
Thesis Summary and Future Directions 
 
Discussion 
 
Summary of tools developed for this thesis 
 
To understand the role of Rab5 during macropinocytosis and 
phagocytosis, I developed a set of tools that allowed both the study of Rab5 
activation cycling in vivo and the modulation of its activity.  The addition of a third 
fluorophore allowed simultaneous FRET and ratiometric microscopy studies in a 
single cell. Observing the interactions between YFP-RBD and CFP-Rab5, we 
were able to detect at which point during uptake Rab5 was in its active form. Co-
expression of free mCherry via a pIRES2 vector served to localize total Rab5 by 
dividing CFP-Rab5 by mCherry. This ratiometric imaging does not differentiate 
between active and inactive forms of Rab5.  Previously these two calculations 
would be obtained from two different cells, one expressing YFP-RBD and CFP-
Rab5 and a second one expressing YFP-Rab5 and CFP. Combining both 
methods allowed me to observe the full cycle of Rab5 in distinct uptake 
pathways. 
The pIRES2-mCherry vector contains an internal ribosome entry site 
between the multiple cloning site and the fluorescent protein, in this case 
mCherry, that allowed translation of a gene of interest and mCherry from a single 
bicistronic mRNA.  We constructed a library of vectors expressing Rab5 GEFs 
and GAPs and constitutively active or dominant negative mutants of small 
GTPases Rac1, Rac2 and Cdc42, which are known to be involved in 
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macropinocytosis and phagocytosis. These allowed us to study the effect of 
interfering with the Rab5 cycle directly or indirectly. 
 
Rab5 cycle dynamics and macropinosome size 
 
Comparing the dynamics of D (total Rab5) and EDA (total FRET) showed 
that during the early events of Rab5 association and activation, both signals 
increase simultaneously for all macropinosomes regardless of size. The second 
part of the cycle, which includes the deactivation and dissociation of Rab5 from 
the membrane, showed the EDA signal decreasing faster than the D signal, 
again regardless of size.  These findings indicate a difference with the current 
model of Rab5 cycle on the membrane, which proposes a delay between the 
association and the activation steps during formation of the macropinosome (1).  
Another finding of this study is the relation between total Rab5 cycle time and the 
diameter of the forming macropinosome.  On most macropinosomes with 
diameters larger than 4 µm, Rab5 required longer to cycle fully. This size 
relationship was observed mainly during the deactivation and dissociation part of 
the cycle.  This relation shows a possible mechanism used by the cell to detect 
size of the macropinosome, where larger macropinosomes are delayed in their 
maturation while it is reduced in size by mechanisms such piranhalysis or kiss-
and-run until it reaches a proper size to continue along the maturation pathway. 
 
Effect of Rab5 GEF expression and acidification inhibition on macropinosome 
formation 
 
Macropinosomes from cells expressing a pIRES2-mCherry construct with 
GEFs Rin1 or Rabex-5 retained active Rab5 (EDA) for a longer period of time.  
These macropinosomes also reached a higher peak level of Rab5 FRET when 
compared with control macropinosomes.  Another finding was that these cells 
had an increased number of Rab5 FRET-positive tubules.  A similar phenotype 
was observed when treating cells with bafilomycin A1, which inhibits acidification 
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of endosomes, these cells contained a large number of Rab5 FRET-positive 
tubules stretching outwards from the nucleus.  This shows a relation between 
Rab5 ability to cycle and macropinosome acidification and maturation. This may 
be related to the extension of endosomal membrane by microtubules, where 
Rabenosyn-5, a Rab5 effector is known to play a role (2). Also, this effect could 
be due to the inability of the macropinosome to fuse with the lysosome, some 
pathogens known to target Rab5 and modulate its activation cycle have been 
shown to form similar elongated tubules at different points during its uptake and 
maturation of the pathogen-containing vesicle (eg., Salmonella) (add REFs).  The 
different studies looked at particular Rabs and different time intervals and have 
observed that different Rabs localize to those tubules. 
 
Rab5 activation required for formation of a stable macropinosome. 
 
Cells expressing dominant negative Rab5 or cells expressing pIRES2-
mCherry-RabGAP-5 showed similar phenotypes, in which macropinosomes 
began to form but were unable to form a fully round macropinosome. After a 
couple of minutes these unstable macropinosomes disappeared, presumably by 
fusing back with the membrane.  Although dominant negative Rab5 does not 
localize to membrane, we did observe in cells expressing YFP-RBD, CFP-Rab5 
and pIRES2-mCherry-RabGAP-5 a low level of recruitment of Rab5; however, 
Rab5 activation levels were negligible. These findings, in conjunction with the 
ones obtained from expression of GEFs and treatment with bafilomycin A1, 
indicate roles for Rab5 in tubule formation and macropinosome stability. 
 
Activation patterns of Cdc42, Rac1, Rac2 and Rab5 during phagocytosis in 
macrophages 
 
Murine primary bone marrow-derived macrophages transfected with YFP 
chimeras of Cdc42, Rac1 or Rac2 and CFP-PBD were fed E-IgG-opsonized 
sheep red blood cells and the localization and activation patterns were calculated 
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and compared to previously published results on macrophage-like cell line RAW 
264.7. One difference between cells is that bone marrow-derived macrophages, 
unlike RAW cells, spread thinly on coverslips. Consequently, in all the 
phagocytosis events the RBC landed on top of the cell and the cell engulfed 
them from the bottom up. The RBC covered part of the early cup forming signals.  
In RAW cells, many of the phagocytosis events were side-views, which showed 
similar patterns of localization and activation, where Cdc42 localized to the tip of 
the membrane ruffle and did not localize to the phagosome (REF). Rac1 
localized to the phagosome just before the phase-dark transition but lasted until 
after closure.  Rac2 also localized to the cup and followed the leading edge of the 
ruffle and peaking at closure.  On macrophages expressing YFP-RBD and CFP-
Rab5, Rab5 peaked at or just after closure.  The levels of Cdc42, Rac2 and Rab5 
FRET during RBC phagocytosis were in the range of 15% (ie., EAVG = 0.15), 
whereas the levels of Rac1 FRET reached close to 25% at its maximum point. 
 
Activation patterns of small GTPases during Lm uptake  
 
I worked out a protocol to observe Lm uptake by macrophages.  Cdc42 
and Rac2 localized to the ruffle where Lm was taken up.  In the literature there 
are two opposing findings involving Rab5 localization to the Lm-containing 
vacuole. Henry, et. al. (3) did not observe localization of Rab5 to the Lm-
containing vacuoles. Alvarez-Dominguez, et al., (4), using macrophage-like 
J774E cells, did observe localization. In primary macrophages transfected with 
YFP-Rab5 and CFP, Rab5 localized to the Lm-containing vacuole.  Using the 
YFP-RBD/CFP-Rab5 FRET system, we studied how Lm modulates Rab5 
activation to survive in the host.  As stated above, many pathogens target Rab5 
activation, either by keeping Rab5 inactive to delay vesicle maturation, or by 
keeping Rab5 in its active form, eliciting continuous fusion with endosomes and 
delaying fusion with lysosomes.  Prada-Delgado, et al., (5) found that Lm 
modulates Rab5 activity by keeping it in its inactive form.  Our FRET data 
showed a mixed population of Lm-containing vacuoles, some vacuoles had very 
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low to no FRET signal while others showed a strong FRET signal.  This mixed 
population is expected since not every bacterium survives.  Currently I have been 
trying to develop a method to follow single bacteria through the pathway, to see if 
the vacuoles with low to no FRET are the ones that allow Lm to survive and 
continue infection. 
Rac1 activation patterns during Lm uptake were surprising.  Rac1 
localized to vacuoles in some cells and not in others. This suggests that Lm is 
somehow also able to modulate Rac1 activation. Also, this shows that unlike 
RBC phagocytosis, where Cdc42 is restricted to the leading edge of the ruffle, or 
M-CSF-stimulated macropinocytosis, where neither Cdc42 nor Rac2 are 
involved, all four small GTPases are involved in Lm uptake. 
 
Rab5 activity during uptake of hly- and heat-killed Lm  
 
In contrast to wild type Lm uptake, where we observed variable levels of 
Rab5 FRET on the Lm-containing vacuoles, all of the vacuoles containing hly- or 
heat-killed Lm showed low FRET levels.  This finding suggests a possible role of 
LLO damage to the membrane as a mechanism for modulation of the Rab5 cycle 
by Lm. 
 
Rab5 dynamics during fusion 
 
We also observed fusion events during Lm infection of BMM transfected 
with YFP-Rab5a and CFP. As described previously (6), the highest Rab5 
concentration localized to the point of contact between both vesicles.  
Interestingly we observed that, during vacuole fusion with macropinosomes, 
YFP-Rab5 did not just localize to the point of contact. Instead, Rab5 levels on the 
whole organelle increased, beginning at the point of contact and radiating over 
the new vacuole.  Similar events were observed during uptake of hly- Lm in BMM 
transfected with YFP-RBD, CFP-Rab5 and mCherry. The ratio of CFP-Rab5 to 
mCherry showed localization of Rab5 and an overall increase in vacuole labeling 
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with Rab5. The FRET data showed a similar increase in FRET with the highest 
levels of FRET localizing to the point of contact. These are interesting 
observations that support a larger regulatory control in the cell. Rab5 activity is 
not just localized to points of contact between vesicles, but rather has a 
cascading result over the whole organelle. 
I want to note that three different FRET probes were made.  The first 
probe consisted of the carboxy-terminus of EEA1. Because we later found that it 
also contained a FYVE domain and bound PI3P with higher affinity than Rab5, 
we did not study it further.  The second probe was the Rab5-binding domain of 
Rab5 effector, Rabaptin-5, a gift from Dr. Alexander Sorkin’s Lab (University of 
Pittsburgh). It showed similar patterns of FRET to the third probe we made, the 
amino-terminus RBD of EEA1, but showed a lower affinity to active Rab5.   
 
 Future Directions 
 
My thesis work involved the creation of different tools and methods to 
study the activation patterns of small GTPases, concentrating on Rab5 activities 
during uptake events.  Two new FRET probes for Rab5 were developed. FRET 
and ratiometric microscopy were analyzed in single cells. A pIRES2 expression 
library of the principal GTPases and Rab5 GAPs and GEFs allowed for 
modulation of the cycle parameters and coincident monitoring of the Rab5 cycle 
parameters. These methods allowed analysis of Rab5 dynamics during uptake of 
Lm and the early stages of the infection in macrophages.  These tools should 
facilitate study of how different pathogens affect Rab5 in vivo, how they affect its 
activity and at what point they interfere with Rab5 function.  As Rab5 is involved 
in the initial part of most endocytic events, a better understanding its dynamics 
should lead to better tools to combat the increasing number of pathogens that 
target Rab5.  It may also lead to better drugs to treat the increasing number of 
diseases known to have Rab5 defects as one of their major causes. 
 
 Follow-up experiments 
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With these new tools we obtained results that lead us to many follow-up 
questions.   
 
 Macropinocytosis 
 
 In figure 2.2 we observed that on macropinosomes larger than 4 µm in 
diameter Rab5 took longer to cycle fully. I hypothesize that cells are able to 
sense the size of a macropinosome and delay Rab5 cycling when the vacuole is 
too large to enter directly into the endocytic pathway.  By slowing the Rab5 cycle 
it might allow vesicle budding and events such as kiss and run, reducing the 
cargo and thus the size of the vacuole until it is able to continue down the 
pathway.  As a consequence of the cycle delay we expect that the acidification of 
the macropinosome will also be delayed, using a pH-sensitive fluorescent dye we 
can pulse and chase measuring the pH values through time of different size 
macropinosomes. 
 Treatment of cells with bafilomycin A1, which inhibits acidification of 
macropinosomes by inhibiting vacuolar proton ATPases, destabilized the Rab5 
cycle and increased the number of Rab5 FRET-positive tubules.  The cell 
membrane does not contain vacuolar proton ATPases and it is not yet fully 
understood how macropinosomes acquire these.  One possibility is that the Rab5 
FRET-positive tubules which are also observed to a lesser degree in untreated 
cells are the source of V-ATPases and that the lack of them causes the Rab5 
cycle to destabilize.  Using commercially available antibodies against V-ATPases 
such as E11 (directed against the E subunit of V-ATPase; (7-10)) we can 
observe their localization during the early events of macropinocytosis. My 
hypothesis is that recently formed macropinosomes lack V-ATPase and that the 
Rab5 FRET-positive tubules contain high concentrations of V-ATPase. It has 
also been observed that different pathogens such as Salmonella have been 
found in tubule-like structures positive for different Rabs (Salmonella-induced 
filaments, or SIFs; (11)). I hypothesize that since Rab5 functions during the early 
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stages of pathogen uptake and Salmonella modulates Rab5 by keeping it in its 
active form, that SIFs are Rab5-positive during part of the early formation.  Also, 
we can compare acidification of this structure and V-ATPase concentration. 
 Our data showed that activation of Rab5 occurs almost simultaneously 
with Rab5 association with the membrane and that dissociation of Rab5 from the 
membrane happens at a slower rate than deactivation.  We also observed that 
expression of YFP-RBD did not affect the Rab5 association rate, but did slow the 
dissociation rate.  It is possible that this lag observed between deactivation and 
dissociation is due to the Rab5-binding domain interfering with Rab5 effectors 
such as GDI, consequently delaying the removal of Rab5 from the membrane.  
Rab5 forms complexes with different effectors and other Rabs (6, 12-16) . 
Although the RBD leaves and is not close enough to give a FRET signal during 
deactivation, it could nonetheless impede access of GDI to the complex. To 
study this possibility, we could express a red fluorescent chimera of GDI to study 
its dynamics during macropinocytosis and its effect on dissociation of Rab5. My 
hypothesis is that if the RBD is affecting the dissociation event, either by being 
stuck within the complex or by its overexpression being too high compared to 
endogenous GDI levels, the lag observed would decrease or fully disappear. 
 Expression of dominant negative Rab5 or overexpression of RabGAP-5 
caused an increase in unstable macropinosomes. Requirement of Rab5 cycling 
for stabilization of the macropinosome could indicate a regulatory circuit between 
Rab5 and actin. Recently it was published that active Rab5 interacts with L- and 
T-plastin which are actin-binding proteins involved in regulation of cell 
morphology, tumor progression, bacterial invasion and lamellopodium protrusion 
(17-19).  There are no studies looking at plastin’s role during macropinocytosis, 
but it is known that macrophages express them. I hypothesize that plastins are 
involved in macropinosome formation and that by keeping Rab5 inactive the 
interaction between Rab5 and plastin is blocked causing the destabilization of the 
macropinosome.  Fluorescent chimeras of plastin proteins have been used and 
published already (18). 
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 Listeria monocytogenes 
 
Another interesting result was the differences in Rab5 activation levels 
observed in cells expressing wild-type Listeria (0-15%) and hly- and heat-killed 
Listeria (8%). The main difference between these conditions was the lack of 
listeriolysin O activity in hly- and heat-killed Lm. This suggests a role for LLO 
during Rab5 modulation, possibly by forming pores on the vacuole membrane 
that allow a virulence factor to access the cytoplasm. These observations are 
opposite to the findings by Alvarez-Dominguez, et. al., (20) where LLO was found 
not to be critical for virulence factor p40 effect on Rab5. 
 It is possible that LLO released by Lm to the media is causing damage on 
the cell membrane and allowing the passage of virulence factors that otherwise 
would be produced inside the vacuole after Lm uptake and this is causing the 
differences in FRET levels or the timing of these effects on Rab5. Macrophages 
incubated with wild-type Lm ruffled more and took up more bacteria than those 
incubated with heat-killed or hly- strains.  LLO might have a role on inducing or 
enhancing ruffling and macropinocytosis on macrophages to increase the 
chances of Lm uptake. This possibility can be tested by addition of purified LLO 
to the media at different concentrations. 
 One technical limitation we encountered was not being able to follow 
single Lm–containing vacuoles with different levels of FRET through time to 
identify if those with lower levels of FRET had an increased survival rate. One 
way we could test this is by creating a Lm that expresses a photoactivatable red 
fluorophore.  Using the 4D microscope at the Center for Live Cell Imaging, we 
could incubate macrophages expressing YFP-RBD and CFP-Rab5 with wild-type 
photoactivatable Lm, observe uptake, photoactivate proteins inside the Lm 
contained in that vacuole, then observe whether it escapes or remains contained 
in the vacuole. 
 Another option is the use of a commercially available pH-dependent red 
fluorescent mKate variant (21). Inserting this fluorophore in a bacterial plasmid 
and creating an mKate-expressing Lm would allow us to determine not only the 
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fate of Lm-containing vacuoles with different Rab5 FRET levels, but also to 
observe the changes in vacuole pH.  This would allow us to determine f there is 
an optimal pH at which escape occurs, similar to the earlier studies of 
Beauregard et al. (22)and Shaughnessy et al. (23). 
 
Pathogenesis and Neurological diseases 
 
As the list of pathogen virulence factors, and neurological diseases and 
cancers implicating Rab5 increases, the use of these tools should prove to be 
useful for their study in vivo to better understand the sequence of events and 
dynamics that these modulations or mutations cause. Being able to look at these 
events should lead to a more complete map of where and when major pathways 
are affected. This could facilitate the selection of possible therapeutic targets for 
treatments. Finally the fact that different pathogens target specific Rab5 isoforms 
makes these FRET probes more valuable since the RBD binds all three isoforms 
with high affinity. 
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Appendix 
 
DNA Constructs prepared for these studies: 
Clontech C1 and N1 vectors for all constructs, these contain a human 
cytomegalovirus (CMV) promoter and a kanamycin and neomycin resistance 
gene. 
pIRES constructs were made using Clontech’s pIRES2-EGFP vector, 
which contains a human cytomegalovirus (CMV) promoter, a kanamycin and 
neomycin resistance gene and an internal ribosome entry site (IRES) of the 
encephalomyocarditis virus. The multiple cloning site (MCS) is followed by the 
IRES site and finally the fluorescent protein. 
Cerulean-Rab5a 
mCherry-Rab5a 
YFP-Rab5b 
CFP-Rab5b 
Cerulean-Rab5b 
mCherry-Rab5b 
YFP-Rab5c 
CFP-Rab5c 
Cerulean-Rab5c 
mCherry-Rab5c 
mCherry-Rab7 
mCherry-Rab7(T22N) 
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mCherry-Lamp1 
mCherry-EEA1 
YFP-RBD (Amino-terminal of EEA1, aa 36-218) 
CFP-RBD (Amino-terminal of EEA1) 
Cerulean-RBD (Amino-terminal of EEA1) 
mCherry-RBD (Amino-terminal of EEA1) 
CFP- RBDFYVE (Carboxy-terminal of EEA1 (aa 1257-1411), contains a FYVE 
domain) 
Cerulean- RBDFYVE (Carboxy-terminal of EEA1, contains a FYVE domain) 
mCherry- RBDFYVE (Carboxy-terminal of EEA1, contains a FYVE domain) 
R5BD-YFP (Rabaptin-5 Rab5-binding domain, aa 551-862) 
R5BD-CFP (Rabaptin-5 Rab5-binding domain) 
R5BD-Cerulean (Rabaptin-5 Rab5-binding domain) 
R5BD-mCherry (Rabaptin-5 Rab5-binding domain) 
YFP-R5BD (Rabaptin-5 Rab5-binding domain, no FRET in N1 vector) 
CFP-R5BD (Rabaptin-5 Rab5-binding domain, no FRET in N1 vector) 
Cerulean-R5BD (Rabaptin-5 Rab5-binding domain, no FRET in N1 vector) 
mCherry-R5BD (Rabaptin-5 Rab5-binding domain, no FRET in N1 vector) 
pIRES2-CFP-Rab5(S34N) 
pIRES2-mCherry 
pIRES2-mCherry-Rin1 
pIRES2-mCherry-Rabex-5 
pIRES2-mCherry-RabGAP-5 
pIRES2-mCherry-Arf6 
pIRES2-mCherry-Arf6(Q67L) 
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pIRES2-mCherry-Arf6(T27N)  
pIRES2-mCherry-Cdc42 
pIRES2-mCherry-Cdc42(V12) 
pIRES2-mCherry-Cdc42(N17) 
pIRES2-mCherry-Rac1 
pIRES2-mCherry-Rac1(V12) 
pIRES2-mCherry-Rac1(Q71) 
pIRES2-mCherry-Rac1(N17) 
pIRES2-mCherry-Rac2 
pIRES2-mCherry-Rac2(V12) 
pIRES2-mCherry-Rac2(N17) 
mCherry-p85α 
Dyn2-mCherry 
Dyn2(K44A)-mCherry 
Dyn2∆PRD-mCherry 
